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v

This book is a comprehensive—and therefore welcome—text dealing with 
one of the most malignant tumors, mesothelioma, fortunately relatively rare. 
The cause of this tumor, as stated by the International Agency for Research 
on Cancer (IARC), is asbestos, a generic name for a family of magnesium or 
other minerals and fibrous silicate minerals. In fact asbestos, which is made 
up of fibers, can be divided into serpentine and amphibole structures. 
Chrysotile is a serpentine type of asbestos with magnesium as the main ele-
ment, while the group of amphiboles includes crocidolite, amosite, antho-
phyllite, tremolite, and actinolite. In addition to magnesium, the components 
may also include calcium, iron, and/or sodium.

There are other fibers besides asbestos that can induce mesotheliomas, 
such as erionite belonging to the zeolite family, found in three villages in 
southeast Turkey. Some studies suggest that predisposition to the develop-
ment of erionite mesothelioma is genetically transmitted as an autosomal 
dominant characteristic. The possible relation between cosmetic talc and 
mesothelioma is still debated. However, in several cases the products utilized 
are made up of a mixture of components.

In nature, asbestos is present in various areas of the world. For instance, 
chrysotile is predominant in Quebec (Canada) and in the Ural Mountains 
(Russia), and much less in Italy. In South Africa, crocidolite and amosite are 
predominant while in Finland there are deposits of anthophyllite.

The production of the various forms of asbestos increased 80,000 times 
over the course of a century (1880–1980), reaching the figure of four million 
tons per year. Given its resistance to heat and its insulation properties, asbestos 
has been employed for a wide variety of industrial products: from textile man-
ufacturing to cement products, construction, and insulation for steam engines.

The widespread use of asbestos products results in the presence of mineral 
fibers in the lungs of the general population to a greater extent than in the 
rural population but with broad variability among subjects. Scanning electron 
microscopy shows a range of fibers that varies from fewer than 100–2500 
fibers per gram of wet tissue. Within the asbestos bodies, fiber aggregates 
may be observed. The Helsinki Report indicates that attention should be paid 
to individuals with more than 100,000 amphibole fibers longer than 5 μm/
gram of dry lung or more than one asbestos body per milliliter of bronchial 
alveolar lavage.

Epidemiology distinguishes occupational and nonoccupational exposure, 
and for nonoccupational exposure a distinction is made between household 
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and neighborhood exposure. The percentages are higher for occupational 
than nonoccupational exposure but vary widely depending on the type of 
observational study considered. Eighty to ninety percent of mesotheliomas 
are found in the pleura, 10–15% are peritoneal and less than 5% are located 
in the pericardium. The median age of onset is 74 years.

Chrysotile seems to be less carcinogenic than amphibole fibers, but not all 
types have been studied in detail, partly because of the mixtures of various 
fibers. The carcinogenic properties of these materials need to be further inves-
tigated to better define the genomic heterogeneity, the localization, and the 
morphological characteristics of the derived mesotheliomas.

The book describes the process of asbestos-dependent carcinogenesis in 
detail, considering not only the cancer cell but also the tumor microenviron-
ment, with particular reference to the immunological aspects. Early diagnosis 
is important. In this field, the recent identification of miRNAs, designated as 
“mesomiRNAs,” as potential biomarkers of the disease is of particular inter-
est although confirmatory data based on large trials are necessary. In this 
context, the development of liquid biomarkers will be of particular value.

The prognosis of mesothelioma is particularly negative because of the lack of 
specific treatments. Hence, the development of efficacious and innovative treat-
ment strategies is a priority. This process requires the conduction of preclinical 
studies, which are likely to benefit from the variety of preclinical tests available. 
A chapter of this book contains a comprehensive description of the preclinical 
tests in use along with a detailed discussion of their advantages and limitations. 
The current panel of in vitro tests available is based on the use of primary cell 
cultures, immortalized cell lines, and derived spheroid cultures. Several in vivo 
models have also been developed and they consist of mouse xenografts of human 
cell lines and patient-derived tissues or primary tumor cells. There is a need for 
the development of asbestos-induced mouse models of mesothelioma that may 
be transplanted subcutaneously or orthotopically in the pleura.

Due to the long latency of this tumor—estimated at 30 years or more—
there is ample time for intervention to block its progression and dissemination 
in man. This long latency means that asbestos-related cancers are likely to 
peak in the next decade. The therapy of mesothelioma is still in its infancy. 
Classical chemotherapy, with cisplatin and pemetrexed, is not very effective, 
so ongoing trials include combinations of drugs targeting angiogenesis such as 
bevacizumab or antibodies acting as checkpoint inhibitors. Clearly, prevention 
is another major issue and a straightforward measure to be implemented is 
banning the production and all sorts of products containing asbestos.

To conclude, I believe this very easy readable book is a careful update of 
the current literature on asbestos. The chapters are presented in a clear form 
with appropriate tables and figures. The book will serve as a reference for all 
physicians and researchers dealing with the research and care of patients with 
mesothelioma.

Silvio Garattini, 
Istituto di Ricerche Farmacologiche  

Mario Negri IRCCS
Milan, Italy
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 Why a Book on Mesothelioma?

Recent advances in the diagnosis, characterization, and therapy of many 
hematological and solid malignancies are certainly extraordinary and have 
significantly improved the survival of patients with cancer. However, for 
some human malignancies like mesothelioma, although there have been 
remarkable increases in our knowledge of the main cause(s), and improve-
ments in clinical management, the overall survival is still short. This book 
provides an authoritative overview of the latest validated clinical results on 
the diagnosis and therapy of mesothelioma, with special emphasis on open 
questions and preclinical and clinical research.

Much interesting research on mesothelioma is going on in different parts of 
the world so we have selected the authors of the various chapters not only on 
the basis of their internationally recognized outstanding expertise in mesothe-
lioma but also considering their experience and involvement in research. 
Therefore, the chapters present not only the “state of the art” but also report 
novel ideas and hypotheses currently under investigation. An important part of 
the book is devoted to preclinical and translational research that—everybody 
hopes—will have an impact on clinical research and practice in the near future.

Growing evidence that the tumor microenvironment and immune response are 
key factors in the onset and progression of human malignancies is of particular 
importance for mesothelioma because chronic inflammation caused by exposure 
to asbestos is a hallmark of the disease. Several chapters therefore highlight the 
influence of the host mechanisms, as important for novel therapeutic approaches.

Mesothelioma is a complex and heterogeneous disease and clinicians need 
to keep up to date on new, rapidly expanding findings from biological, phar-
macological, and immunological research. Obviously, though, information 
from pathological, surgical, and clinical experience is equally important to 
direct preclinical research towards clinically relevant objectives.

We sincerely hope this book will contribute to enhancing communication 
and boosting the integration of knowledge among scientists and clinicians 
with different expertise.

Bergamo, Italy Giovanni Luca Ceresoli 
Bergamo, Italy  Emilio Bombardieri 
Milano, Italy  Maurizio D’Incalci 
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Epidemiology of Mesothelioma

Dario Mirabelli, Alessandro Marinaccio, 
Pietro Comba, and Corrado Magnani

1.1  Introduction

In 1960, Richard Wagner and colleagues first 
presented a large case series of malignant meso-
thelioma (MM), with clear description of the 
clinical and diagnostic aspects and of the associ-
ation with asbestos exposure, both occupational 
and nonoccupational [1]. Until then the existence 
of a primary malignancy from the mesothelium 
was debated and even denied by some authors. 
In the following years, the evidence on the asso-
ciation of MM and asbestos exposure was con-
firmed by several cohort studies on occupational 

exposure in different industrial sectors [2–6]. In 
the early studies, a special attention was given, 
as expected, to the asbestos mining [7], to the 
transformation of raw asbestos in industrial 
products and to the main industrial uses, such 
as lagging and insulation [6], asbestos textile 
[5] or asbestos cement [8]. Most of the studies 
regarded cohorts exposed either to the amphibole 
asbestos (in particular crocidolite and amosite), 
the type of fibres that present the greater carcino-
genic potency for the mesothelium, or to mixed 
(chrysotile and amphiboles) asbestos types. The 
epidemiological cohort studies on the effects of 
chrysotile asbestos followed in the 1970s, with 
the cohorts of Canadian [7] and Italian chryso-
tile miners [9]. The first studies on chrysotile and 
MM did not show a strong association, but were 
accompanied by a strong evidence of association 
from animal studies [10], showing similar results 
for amphiboles and chrysotile asbestos. A long-
lasting debate followed on carcinogenic potency 
of the different asbestos fibres [11] and on the 
effect of the different durability in biological tis-
sues of chrysotile (short duration) compared to 
amphiboles (long). The accumulating scientific 
evidence led to the formal assessment of carcino-
genic risk of asbestos and of other mineral fibres 
with similar mineralogic properties, with evi-
dence of association for the MM as well as for the 
cancer of the lung and of other organs [2, 3, 12].

In the 1980s and 1990s, epidemiological 
research started investigating more systematically 
the occurrence of MM in relation to asbestos- 
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containing products in place, the so- called ‘third 
wave of asbestos diseases’ [13], and also the first 
studies on MM in subjects with domestic expo-
sure to asbestos were presented [14, 15]. The 
evidence on nonoccupational asbestos exposure 
and mesothelioma was completed by the studies 
regarding the environmental exposure to asbestos 
[16–20].

The issues regarding epidemiology and public 
health aspects of asbestos exposure and mesothe-
lioma have been considered in several reviews 
[12, 21–25].

1.2  The World Distribution 
of MM

The occurrence of MM shows an extreme varia-
tion in the different countries [26], with the 
higher rates in the UK, Australia and Italy [27], 
which were among the countries with the high-
est per capita use of asbestos. Odgerel et al. [26] 
analysed the WHO Mortality Database categoriz-
ing 59 countries with good-quality mesothelioma 
mortality data, 45 countries with poor-quality 

data and 126 countries with no data. The gender- 
and age-specific mortality rates of countries with 
good-quality data were applied to other countries 
in order to estimate the number of global deaths. 
The final global estimate was 38,400 mesothe-
lioma deaths per year.

The relation of asbestos exposure and MM 
occurrence has been investigated by different 
authors: Park et al. [28] presented the occurrence 
of MM in 56 world countries with data on mor-
tality and on use of asbestos: mortality showed a 
log-linear relation to the amount of asbestos used 
(R2 = 0.83; p < 0.0001) (Fig. 1.1). Diandini et al. 
[29] estimated that in the same countries, the 
number of PYLL (Potential Years of Life Lost) 
because of MM totalled 201,000 per year, with 
an average of 17.0 years per case.

1.3  Surveillance of MM 
Incidence

Italy is one of the most involved and sensitive 
countries in asbestos-related diseases’ monitor-
ing and control. This is a consequence of the 

Fig. 1.1 From Park et al. 
[28]. Reproduced with 
permission from Environ 
Health Perspect. 
2011;119:514–518. doi: 
https://doi.org/10.1289/
ehp.1002845
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large asbestos consumption until the ban in 1992, 
with 3,748,550 tons of raw asbestos produced 
or imported, and a peak between 1976 and 1980 
at more than 160,000 tons/year [30]. A perma-
nent surveillance system of MM incidence has 
been active since 2002, run by the ‘National 
Register of Malignant Mesotheliomas’ (Registro 
Nazionale dei Mesoteliomi)—ReNaM, identify-
ing cases and assessing asbestos exposure [31]. 
Specific surveillance systems of MM incidence 
with reliable information completeness, exposure 
assessment and territorial coverage are scarce 
[32]. Currently, these systems are ongoing only 
in Australia [33], France [34], South Korea [35] 
and Italy [31]. Other countries have MM surveil-
lance systems based on mortality data that are 
presented later.

The ReNaM acts with a regional structure, 
based on Regional Operating Centres (COR), that 
are now active in all the 20 Italian regions. CORs 
actively search incident MM cases in hospitals 
and other health care institutions. Diagnostic 
criteria are coded according to 3 classes of 
decreasing level of certainty. Occupational his-
tory, lifestyle habits and residential history are 
investigated using a standardized questionnaire, 
administered by a trained interviewer to the sub-
ject or to the next of kin. In each COR, industrial 
hygienists classify and code the exposure, exam-
ining the collected information. Occupational 
exposure classification is qualitative and coded 
as definite, probable or possible.1 Further codes 
are assigned to indicate environmental (residence 
near a source of asbestos pollution without work-
related exposure), familial (when patients have 
lived with a cohabitant occupationally exposed) 
or leisure activities (other nonoccupational expo-
sures such as those due to leisure-time activities) 
exposures [31].

1 Definite occupational exposure is assigned to the sub-
jects whose work has involved the use of asbestos or 
materials containing asbestos. Probable occupational 
exposure is attributed to the subjects who have worked in 
a firm where asbestos was certainly used, but whose expo-
sure cannot be documented, and possible occupational 
exposure to the subjects who have worked in a firm refer-
ring to an economic sector where asbestos has been used.

1.4  Incidence of MM in Italy

In the period 1993–2015, a case list of 27,356 
incident MM has been collected by ReNaM [31]. 
In 2014, incidence standardized rate of pleu-
ral MM was 3.26 and 0.87 for 100,000 person/
years in men and women with 1450 (1081 in men 
and 369 in women) recorded incident cases; cor-
responding rates for peritoneal MM were 0.17 
and 0.10, based on 59 and 40 cases, respectively 
[31]. Mean age at diagnosis was around 70 years, 
and cases younger than 45 years were less than 
2%. More than 90% of cases were localized in 
the pleural cavities, while peritoneal MM cases 
were 6.5% (5.3% and 9.4% in men and women, 
respectively), and cases in other body locations 
were very few (58  in the pericardium and 79  in 
the tunica vaginalis of the testis). Morphology of 
more than half of cases was epithelioid. Gender 
ratio (M/F) was equal to 2.54 overall and 2.64 
for pleural cases, constant over time periods. 
However, it was noticed that gender ratio (M/F) 
was close or lower than one in towns with relevant 
environmental exposure and in occupational cat-
egories with predominant female occupation [36].

1.5  Occupational 
and Nonoccupational 
Exposure to Asbestos in Italy

In the ReNaM data, asbestos exposure has been 
evaluated for 21,387 MM cases (78.2% of total 
cases). Among them, occupational exposure has 
been identified for 69.3% (14,818 cases), while 
4.9% were attributed to familial exposure, and 
4.4% to environmental exposure.

The distribution of economic sectors involved 
in occupational asbestos exposure changed over 
the 1993–2015 observation period. The eco-
nomic sectors ‘asbestos-cement industry’, ‘ship-
building and repair’ and ‘railways maintenance’ 
accounted for 23% of incident cases in the period 
1993–1998 and decreased to 9.5% in 2011–2015. 
Conversely, the ‘construction’ sector rose from 
12.1% in 1993–1998 to 16.8% in 2011–2015 and 
now is the most frequent occupational sector in 
MM cases.

1 Epidemiology of Mesothelioma
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In Italy, excess MM risks related to the resi-
dence near asbestos-cement plants have been 
repeatedly documented for the areas of Casale 
Monferrato [37], Bari [38], Broni [39], and for 
the shipbuilding in the areas of Leghorn and La 
Spezia [40]. Casale Monferrato represents an 
extreme example of the effect of environmen-
tal exposure to asbestos, with incidence rates 
of 90.2/100,000 person year in men and 45.4 in 
women in 2010–2014, based on 121 incident 
cases [41]. Nonoccupationally exposed MM 
cases have been reported also in relation to the 
chrysotile mine of Balangero [42].

Among MM cases registered between 1993 
and 2008, 4.4% showed familial exposure (they 
lived with an occupationally exposed person), 
4.3% environmental exposure (they lived near 
sources of asbestos pollution and were never occu-
pationally exposed) and 1.6% were exposed dur-
ing hobby-related or other leisure activities [43].

A spatial cluster analysis was conducted on 
ReNaM data. It observed clusters of cases also 
around industries of sectors with no direct use of 
asbestos, for example, nonasbestos textile, metal 
engineering and construction [44]. The extent of 
nonoccupational exposure (mainly environmen-
tal and familial exposures) has been estimated in 
around 10% of cases, mainly due to the residence 
near asbestos-cement plants and to the cohabita-
tion with occupationally exposed subjects.

In the framework of a collaboration with 
National Health Institute (Istituto Superiore di 
Sanità—ISS), an extensive analysis of MM inci-
dence in Italian national priority contaminated sites 
(NPCSs) has been performed recently, evidencing 
an overall excess of 1531 cases in those areas [45].

1.6  Epidemiological Surveillance 
of MM Mortality

MM is a rare and highly fatal neoplasm; there-
fore, mortality has been used as a proxy of inci-
dence, since cause-specific mortality data are 
available in most countries, with national cov-
erage. While well aware of the importance of 
national MM registration systems (characterized 
by the histological confirmation of diagnosis and 

the possibility to interview patients or their next 
of kins about asbestos exposure history), still the 
analysis of MM mortality can provide relevant 
information in terms of the disease occurrence 
and its temporal and spatial distribution.

A study performed in South-Eastern England 
showed that 87% of ascertained MM cases had 
mesothelioma correctly mentioned as their cause 
of death [46].

Epidemiological surveillance of MM mortal-
ity is thus performed in several countries, and 
here we provide only some examples.

The first registry of MM was started in the 
UK, based on the examination of the causes of 
death reporting ‘mesothelioma’ or other causes 
of interest. The more recent report (period 1968–
2016) included about 2500 cases per year in the 
period 2012–2016, corresponding to the highest 
rates in the world [47].

In the US, 1999–2015, 45,221 deaths from 
MM were ascertained [48]. The overall annual 
number of deaths is still increasing, in particular in 
older age classes. Although incidence is decreas-
ing in ages younger than 74, over 2500 cases 
were observed in the age class <55. Maintaining 
efforts to prevent asbestos exposure and for epi-
demiological surveillance is warranted.

In Greece, epidemiological surveillance 
is based on malignant pleural cancer (ICD 
ninth Revision). Mortality rate increased from 
0.047/100,000  in 1983–1993 to 0.156  in 1994–
2003 [49].

In Spain, MM mortality surveillance has so far 
been based on malignant pleural cancer as defined 
by ICD ninth Revision. There was a higher risk 
of death due to pleural cancer in areas with asbes-
tos using industries [50]. Rates showed a flatten-
ing in 2001–2005 and a decline in women, but 
forecasts predict that pleural cancer mortality is 
expected to continue possibly to 2040 [51].

In Brazil, MM mortality was monitored based 
on national mortality records and an overall mor-
tality rate of 1.1/100,000 was observed in 2003, 
but the authors underline that these figures may 
be underestimated [52].

Pasetto et al. presented an analysis of mortal-
ity from MM and other asbestos-related cancer in 
Argentina, Brazil, Colombia and Mexico based 

D. Mirabelli et al.
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on the WHO mortality database and underlined 
the increasing trend and the possible underesti-
mations [53].

Finally, in Italy, pleural mesothelioma mor-
tality (ICD tenth Revision) has been used since 
2003, while previously malignant pleural cancer 
(ICD ninth Revision) had been used. In the most 
recent report (2003–2014), mortality is still 
increasing in men and levelling off in women 
[54]. The average annual number of deaths was 
about 1000. Three regions of Northern Italy had 
mortality rates higher than national average in 
both genders. Out of 8046 Italian municipali-
ties, 217 showed a statistically significant excess 
of the number of observed cases versus the 
regional expected value. These excesses were 
mainly observed in areas affected by the pres-
ence of industries using large amounts of asbes-
tos in the production process or as an insulating 
material, and also in one Sicilian municipality 
characterized by the natural occurrence of flu-
oro-edenite in soil (see paragraph on naturally 
occurring fibres). These findings contribute to 
setting priorities for environmental remediation 
and to developing a communication process 
with affected communities and associations of 
victims.

Epidemiological surveillance of MM mor-
tality, besides providing valuable public health 
information at country level, is also useful in the 
global environmental health arena.

1.7  Forecast of Temporal Trends 
in MM Occurrence

The joint analysis of ReNaM data, mortality sta-
tistics and asbestos consumption before the ban 
allowed to forecast MM mortality in Italy, pre-
dicting a peak around 2015–2020 [36]. A recent 
study performing a historical reconstruction of 
pleural MM mortality since 1970 actually con-
firmed these predictions [55].

Forecasts of MM incidence or mortality pre-
dicted a steady growth of the number of cases 
in industrialized countries, followed by a pla-
teau or decline in consequence of the restric-
tion in the use of asbestos [56]. Forecasts of 

MM mortality have been published for Europe 
[57], Great Britain [58, 59], France [60], Italy 
[61], The Netherlands [62], Denmark [63], 
Norway [64], Spain [51] and outside Europe 
for the US [65], Australia  [33], Japan [66] and 
other Asiatic countries [67]. All predictions 
have been developed either using national 
asbestos consumption as proxy of exposure 
or according to age-period cohort models and 
provide similar expectations of a reduction in 
incidence after 30–40 years of reduction of the 
use of asbestos.

The analysis of the effect of asbestos ban 
on MM occurrence is methodologically com-
plex given the short time so far elapsed and the 
long latency after asbestos exposure; however, 
Jarvholm and Burdorf [68] in Sweden could 
show a reduction in MM incidence in the more 
recent birth cohorts that started employment after 
the reduction of asbestos use.

1.8  The Economical Cost of MM

Based on ReNaM data and econometric analy-
sis, Buresti et al. [69] estimated average medical 
care costs in 33,000 euro/case, and insurance and 
compensation costs in 25,000 euro/case, respec-
tively. They also estimated a cost of 200,000 euro 
per patient for productivity loss, representing 
most of indirect costs of disease.

1.9  MM and Exposure 
to Naturally Occurring Fibres

Due to geological reasons, asbestos can be pres-
ent in soil, where it can occur in outcrops, usu-
ally determining relatively low levels of airborne 
fibres. Anthropic interventions, though, such as 
those associated with excavations, quarries and 
agricultural work, can determine localized peaks 
of fibre concentrations, thus resulting in observ-
able adverse health effects, ranging from pleural 
plaques to MM [70, 71].

The first report of MM cases associated with 
the presence of tremolite and chrysotile in soil 
concerned Turkey [72]. Several studies confirmed 

1 Epidemiology of Mesothelioma
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these findings in Greece, Cyprus, Turkey, Corsica, 
Botswana, Afghanistan and New Caledonia; for a 
review, see Pasetto et al. [73]. Liu et al. [74] and 
subsequently Luo et al. [75] reported an excess 
of asbestos-related disease, including MM, in 
an area of China characterized by the presence 
of crocidolite in soil. Pan et al. [76] observed a 
relation of MM risk with proximity to Naturally 
Occurring Asbestos in California. Considering 
all the available evidence, tremolite and chryso-
tile were present in most locations. While mean 
values of airborne fibres concentrations were low, 
high concentrations were found in whitewash and 
materials employed for road paving. In most case 
series, the sex ratio was close to 1 and the mean 
age at diagnosis was between 50 and 60, with 
an appreciable number of cases under 40. These 
findings point to an aetiologic role of the environ-
mental asbestos exposure in childhood.

Investigations conducted in some contexts 
were useful in detecting the most important expo-
sure routes and the role of other mineral fibres. 
Following the initial report of an outbreak of pleu-
ral mesothelioma and chronic fibrosing pleurisy 
in Central Turkey [77], a series of epidemiological 
studies demonstrated the aetiologic role of erion-
ite, a natural fibrous zeolite found in some volca-
nic tuffs as an environmental contaminant whose 
occurrence was observed in the soil, road dust and 
building stone [78, 79]. Erionite was evaluated by 
the International Agency for Research on Cancer 
(IARC) as carcinogenic to humans in 1987, and 
subsequently this evaluation was confirmed in 
2012 [80, 81]. Erionite was recently associated to 
a cluster of MM in Mexico [82].

In New Caledonia, the initial studies were 
focused on tremolite in whitewash [18], while 
subsequent investigations pointed to a major 
aetiologic role of serpentinite in soil, namely on 
the roads, and of proximity of serpentinite quar-
ries to the residence of MM cases [83, 84]. In 
Libby, Montana, the vermiculite ore bed, which 
was extensively mined, contained up to 26% of 
amphibole asbestos initially believed to be trem-
olite, and subsequently shown to be a combina-
tion of winchite, richterite and tremolite. MM 
occurred in excess among vermiculite miners 
and also in the general population without occu-

pational exposure [83, 84]. A recent study per-
formed in the area of Mount Pollino, in Southern 
Italy, where natural outcrops of serpentinites and 
metabasites can contain tremolite, actinolite and 
chrysotile, showed an excess risk of MM in the 
villages where the outcrops were close to dwell-
ings and cultivated land [87].

An excess of mortality for malignant pleural 
cancer2 was observed in the years 1988–1992 in 
a municipality in Sicily, in the frame of the epide-
miological surveillance of MM mortality in Italy. 
As no occupational exposure to asbestos was 
documented, the observation prompted a series 
of checks. Most cases were histologically con-
firmed, the sex ratio was close to 1 and exposure 
to asbestos could be excluded for most of them. 
On the basis of 26 cases diagnosed between 1998 
and 2011 (13 men and 13 women), the incidence 
of the disease in Biancavilla appeared to be about 
five-fold the corresponding incidence in Sicily. 
For subjects diagnosed before 50 or 40 years of 
age, MM incidence was 20 and 60 times, respec-
tively, the corresponding incidence in Sicily 
[88]. In the meanwhile, an amphibolic fibre was 
detected in the material extracted from a quarry 
located quite close to the town and extensively 
used in the construction industry and in road pav-
ing. The fibre was initially classified as an inter-
mediate phase between tremolite and actinolite 
[89] and eventually found to be a new mineral, 
fluoro-edenite [90, 91]. After injection of fluoro- 
edenite fibres, rats developed MM of pleura and 
peritoneum [92, 93]. IARC classified fluoro- 
edenite as carcinogenic to humans in 2014 [94].

1.10  Man-Made Mineral Fibres 
and MM

Studies have been conducted in relation to different 
types of man-made mineral fibres. Evidence of car-
cinogenicity, including the observation of MM, was 
found in animal studies after exposure to ceramic 
fibres or slag wool fibres. However, no cases of MM 

2 The indirect estimator of pleural mesothelioma mortality 
that was used prior the adoption of the tenth Revision of 
the International Classification of Disease.

D. Mirabelli et al.
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have been observed in the large cohort studies on 
workers in mineral fibres production. No evidence 
of association with glass fibres was observed in ani-
mal or epidemiological studies [95, 96].

Evidence of carcinogenicity was observed for 
the Silicon Carbide (SiC) whiskers, that were 
classified as probably carcinogenic to humans 
(Group 2A), based on evidence of MM in experi-
mental animals [97]. Also different types of 
Carbon Nanotubes (CNT) were considered, of 
which only type MWCNT-7 was classified as 
‘possibly carcinogenic’ (group 2B), while the 
other CNTs were classified in group 3 [97].

1.11  Exposure–Response 
Relationship Between 
Asbestos Exposure and MM

Many studies have been conducted to investigate 
quantitatively the relation between the dose of asbes-
tos exposure and the risk of MM, and results were 
presented in classical reviews [11]. Here, we pres-
ent the update of a quantitative review that was first 
prepared for the II Italian Consensus Conference 
on Malignant Mesothelioma [98]. We reviewed the 
reports of absolute or relative MM risk by either 
quantitative categories or exposure unit published 
by Medline indexed journals. Potentially relevant 
articles were searched via Pub-Med and perusal of 
references in reviews [11, 99–102], and full-text 
articles from the Pub-Med search. After exclusions 
based on examination of title, abstract or text, 59 
works were retained and divided into two groups: 
(1) reports based on assessment of exposure to air-
borne asbestos, or external exposure [4, 8, 19, 57, 
103–146], and (2) papers relying on the lung fibre 
burden or internal exposure [147–155]. Data on 
study characteristics and MM risk were abstracted 
according to standard formats adopted in a similar 
review by the II Italian Consensus Conference on 
Pleural Mesothelioma [98].

Results from 25 studies were reported by 
49 articles with external exposure assessment 
(Table 1.1). Data from studies with multiple papers 
were abstracted from the most informative or most 
recent one. There were 19 cohort and nested case–
control studies, mostly on highly exposed asbestos 

workers plus a cohort of residents in a village of 
Australian crocidolite miners [114, 138–141] and 
a general population cohort from the Netherlands 
[132]. Five population- based case–control studies 
[16, 115, 116, 119, 143] allowed the exposure–
response relationship to be explored at low doses. 
As effect measure, we estimated the increase in 
relative risk by unit increase in cumulative expo-
sure in fibre/millilitre year (f/mly), or slope in 
Table 1.1. Some papers provided this value  [103, 
109, 112, 146]. When not, we derived it by con-
trasting the maximum and minimum exposure 
categories and calculating the ratio between dif-
ferences in their excess relative risk and in their 
average or midpoint exposure. Further calcula-
tions were needed: (1) to convert incidence rates 
into rate ratios [105, 123, 138, 142]; (2) to convert 
million particles per cubic foot into f/mly [123] 
according to the Hodgson and Darnton coefficient 
[11]. No slope estimate could be obtained in some 
cases, due to use of qualitative exposure categories 
[105, 127], semi-quantitative scores [117, 133], 
exposure to total dust rather than fibres [146] or 
lack of results by exposure category [111, 134]. In 
further two studies [112, 121], only the increase in 
the proportion of MM deaths over expected total 
mortality and not the change in relative risk could 
be calculated.

Some industry-based cohort studies allowed 
the identification of the type of fibre. The slope 
was lower for chrysotile-only cohorts (unit rela-
tive risk about 1.003) [112, 123, 137] than for 
mixed or amphibole cohorts (estimates ranging 
from 1.05 to 1.7).

The slope was higher in case–control stud-
ies, corresponding to a nonlinear increase, with 
steeper increase at low exposure. A particularly 
high slope was also found among pulp and 
paper workers [108]. In this cohort, exposure 
levels were lower than among asbestos workers 
and close to those found in general population 
 studies. In case–control studies, the unit increase 
was between 1.5 (in China, where chrysotile had 
been almost exclusively used) [116] and 4.4 (in 
France) [119]. A steeper slope at low cumula-
tive exposure had been previously reported [11]. 
Measurement errors in exposure, perhaps by 
over-estimation in industry-based and under- 

1 Epidemiology of Mesothelioma
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estimation in population-based studies, may have 
also contributed to such differences.

Results from nine studies were reported by 
ten articles with lung fibre burden data, providing 
evidence of monotonically increasing mesothe-
lioma risk by increasing concentration of asbes-
tos fibres or bodies in the lungs [147–155], in 
agreement with results from studies on external 
exposure.

1.12  Latency from Asbestos 
Exposure to MM Occurrence

The interval between the beginning of asbes-
tos exposure and the occurrence of MM is usu-
ally very long, with median values exceeding 
30 years [147–155].

Incidence of MM after asbestos exposure 
shows a linear increase with exposure and 
an exponential increase (with a power of 3 to 
4) with time since exposure (usually called 
latency); therefore, early exposures weight 
more in the causation, although all exposures do 
contribute to the increase in MM risk. The rela-
tion of MM occurrence with exposure and with 
latency was investigated since the beginning of 
investigations on asbestos and MM [147–155]. 
A detailed summary of the mathematical formu-
las can be found in reviews [21, 98]. The Health 
Effects Institute (HEI) review [21] presents 
the formulas according to different duration of 
exposure (brief or extended) and type (constant 
or variable) of exposure. A minimum latency 
time (lag time) is often adopted, defined as 
the shortest time assumed for MM occurrence. 
Contrary to some misinterpretations, the power 
relation between MM and latency does consider 
all exposures (except lag time), each with its 
specific weight depending on the latency time 
elapsed, as no scientific evidence indicates a 
threshold.

These power models assume that MM inci-
dence will constantly increase after exposure, 
with no upper limit. Recent reports, based on 
longer follow-up, indicate that for pleural MM 
an attenuation of the risk increase is observed 
after very long (over 40–50 years) latency, while 

increase continues for peritoneal MM [106, 
159–161].

1.13  Other Risk Factors

1.13.1  Ionizing Radiations

The possible relation between ionizing radia-
tion and MM has been investigated in relation 
to three categories of exposure: (1) the use of 
Thorotrast for diagnostic imaging, (2) the exter-
nal irradiation for cancer treatment and (3) 
the exposure associated to occupational expo-
sure, in particular in the nuclear industry. Five 
reports have been identified, reporting on cohort 
studies of subjects exposed to Thorotrast: two 
reported an increased frequency of both pleural 
and peritoneal MM, two an increased frequency 
of peritoneal MM only, while the fifth did not 
provide data on MM (review in [162]). The use 
of Thorotrast occurred in 1930–1955; therefore, 
the contribution to the present occurrence of 
MM is likely minimal [24, 98].

An increase in the frequency of MM has been 
observed in several cohort studies of long-term 
cancer survivors. The review by Goodman et al. 
[162] reported Relative Risks (RR) in the range 
from 6.6 to 25.7 for Hodgkin lymphoma sur-
vivors, from 0.8 to 2.24 for non-Hodgkin lym-
phoma and from 1.29 to 3.74 for breast cancer. 
Only one study reported on risk after malignan-
cies of the testis, with an RR of 4 for MM. Based 
on these figures and on the number of incident 
cases of these malignancies, it was estimated that 
the number of MM attributable to this exposure 
in Italy was between 20 and 56 per year [98].

Scientific literature also reported cases of MM 
in workers exposed to ionizing radiations, but the 
more frequent source of exposure was the occu-
pational activity in the nuclear industry, where 
asbestos exposure could not be excluded [162].

1.13.2  Viruses

The possible association of MM with SV40 infec-
tion was suggested, and initial studies supported 

1 Epidemiology of Mesothelioma
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it. However, after a 10-year-long debate with new 
evidence collected regarding the search of viral 
DNA in MM and in serum, the more recent stud-
ies failed to detect evidence of infection in serum 
samples collected before the diagnosis, and the 
conclusions no longer support the hypothesis of a 
causal association of MM and SV40 viral infec-
tion [98].

1.14  Conclusions

MM is a continuing legacy of asbestos exposure, 
affecting all the countries where asbestos fibres 
were used, and the also the areas with natural out-
crops of mineral fibres.

The extent of asbestos exposure in occupa-
tional settings is expected to be decreasing in the 
countries that adopted exposure reduction mea-
sures, while the contribution of different patterns 
of nonoccupational exposures is likely underes-
timated, due to their much lower level, although 
not negligible and possibly sufficient to cause 
disease.

The relation of MM incidence with dose indi-
cates that risk starts at very low doses, with no 
threshold, and increases with increasing cumula-
tive exposure. The contribution of other risk fac-
tors, different from mineral fibres, is very limited.

Given the clear association with cumulative 
exposure and the long latency of the disease, 
asbestos ban is the only real solution to avoid the 
continuation of MM epidemics.

Conflict of Interest DM and CM acted as expert wit-
nesses for the public prosecutor in court trials on asbestos- 
related diseases.
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Asbestos and the Pathophysiology 
of Mesothelioma

Nico van Zandwijk and Glen Reid

2.1  Introduction

Malignant mesothelioma, or simply mesothe-
lioma, originates from the mesothelial lining 
of the pleural cavity, the pericardium and the 
abdominal cavity including the tunica vaginalis. 
Christopher Wagner was among the first to rec-
ognize the relation between asbestos exposure 
and mesothelioma [1]. More than half a century 
later, an abundant body of evidence has accumu-
lated confirming that occupational and environ-
mental asbestos exposure has a causative role 
in the majority of cases of this highly malignant 
condition. Exposure to erionite, an asbestos-like 
fibre, ionizing irradiation and chronic inflamma-
tion of the pleura have also been recognized as 
additional causes [2]. Despite the prominent car-
cinogenic potential of asbestos fibres, it usually 
takes more than 20  years from the date of first 

asbestos exposure until manifestation of disease. 
Latency periods range from around 20 to more 
than 50  years explaining why mesothelioma is 
often diagnosed in patients with advanced age [3] 
and why asbestos is referred to as a ‘Time Bomb 
with a Long Fuse’ [4]. Lung cancer, ovarian can-
cer (and probably cancers in other organ sites), 
pulmonary fibrosis (asbestosis), pleural plaques 
and pleural effusions are the malignant and non- 
malignant pathologies occurring after asbestos 
exposure [5–8]. Whereas lung cancer studies 
revealed a clear synergism between (occupa-
tional) asbestos exposure and cigarette smoking 
[9], smoking alone doesn’t seem to contribute to 
the development of mesothelioma.

2.2  History of Asbestos

The history of asbestos dates back at least 
4000 years. Asbestos was found to be an impor-
tant ingredient of Finnish pottery that was pro-
duced around 2500 BC, and also featured as a 
magical (i.e. fire-resistant) material (stone) in 
ancient Greek and Roman writings [10, 11]. 
The term asbestos is derived from the ancient 
Greek term for inextinguishable and covers 
a collection of minerals (hydrated silicates) 
naturally occurring in a fibrous form. Asbestos 
fibres are traditionally divided into serpentine 
and amphibole forms, and the shape (length and 
aspect ratio) of these fibres is thought to play an 
important role in carcinogenicity. While in the 
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past, evidence pointed mainly to long asbestos 
fibres, a recent review has focused more atten-
tion on short asbestos fibres [12]. Amphibole 
fibres are straight, stiff and particularly strong, 
and include amosite (brown asbestos), crocido-
lite (blue asbestos), anthophyllite, tremolite 
and actinolite. Amphiboles have been used for 
the production of asbestos cement, insulation 
materials, tiles and numerous other products. 
Chrysotile (white asbestos) is the sole serpen-
tine form of asbestos with curly, pliable fibres 
suitable for building materials, insulation prod-
ucts and fabrics.

Asbestos use surged in the late nineteenth 
century in Europe (Italy and Russia) and Canada, 
with commercial (mechanized) mining of these 
minerals driven by increasing applications dur-
ing the industrial revolution. Commercial amphi-
bole mining began with amosite in South Africa 
and crocidolite in Australia in the beginning of 
the 1900s. Boosted by its fire-retarding proper-
ties, asbestos was increasingly used after WWII 
in building materials as well as in a wide range of 
products for everyday life [13].

2.3  Exposure to Asbestos 
in the Occupational Setting

The association between asbestos and lung fibrosis 
provided the first indication that asbestos exposure 
in an occupational setting could be dangerous. 
Scattered reports on asbestos-induced fibrosis had 
appeared in the 1920s [14, 15] and contributed to 
the establishment of workplace (dust) regulations 
in the UK [16]. The neoplastic consequences of 
asbestos exposure were discovered 20 years later 
by the renowned study of Sir Richard Doll, reveal-
ing the causal association between occupational 
asbestos exposure and lung cancer [17]. Ten years 
later, a similar path was followed and mesothe-
lioma was linked to asbestos exposure. The land-
mark publication of Wagner appeared shortly after 
a number of isolated case reports describing meso-
thelioma in patients after occupational asbestos 
exposure [18, 19]. The rapidly rising asbestos con-
sumption in the second half of the previous century 
was followed, around 20 years later, by a major 

increase in mesothelioma incidence [20, 21]. In 
this context, it is important to underline that pre-
ventive measures including workplace regulations 
and asbestos bans did not become effective before 
the 1980s. However, when these regulations were 
eventually introduced in Europe and Australia, an 
acceleration in asbestos consumption was noted in 
most Asian countries to the extent that it is esti-
mated that currently 60% of the world’s chrysotile 
production is consumed in Asia.

Over the last 50 years, a number of case–con-
trol studies have further analysed the relation-
ship between occupational asbestos exposure and 
mesothelioma and have confirmed the causal link 
identified by Wagner [22–28]. A recent example 
of a national survey from France—which esti-
mated asbestos exposures of individuals who 
worked in the construction and shipbuilding 
industries or who were involved in the manufac-
ture of asbestos cement, metal-working industry 
or the manufacture/repair of motor vehicles—
once more confirmed a clear dose relationship 
between asbestos exposure and occurrence of 
mesothelioma [29]. Additionally, this study pro-
vided attributable risk data and an estimation of 
the risk of non-occupational asbestos exposures 
in females. The commercial use of asbestos in 
France was predominantly chrysotile; therefore, 
these data cannot be generalized to other (devel-
oping) countries with a different pattern of indus-
trialization and using different types of asbestos.

2.4  Environmental Asbestos 
Exposure

In the past, mesothelioma was mostly attributed 
to exposure of asbestos in the occupational envi-
ronment. Today, it is recognized that there are 
multiple non-occupational pathways for expo-
sure to asbestos, generally referred to as environ-
mental asbestos exposure (Fig. 2.1) [30].

2.4.1  Para-Occupational Exposure

Para-occupational asbestos exposure is defined 
as the exposure of family members of asbestos- 
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exposed workers, who serve as a vector for 
the transport of asbestos fibres into the house-
hold setting. The most common activity attrib-
uted to para-occupational asbestos exposure is 
laundering of asbestos-contaminated clothes. 
Interestingly, the asbestos lung fibre burden 
among para-occupationally exposed women 
with mesothelioma was found to be in the same 
range as in male mesothelioma cases with mod-
erate occupational exposure [13]. Over the past 
decades, several hundred mesothelioma cases 
have been reported among family members of 
workers in industries with asbestos exposure 
including mining, shipbuilding and cement 
manufacturing [31]. An impressive report on 
para- occupational exposures came from the cro-
cidolite mine in Wittenoom, Western Australia, 
where between 1943 and 1992, 40 cases of 
mesothelioma were detected in women not 
involved in asbestos mining or milling [32]. It 
is assumed that environmental (airborne) expo-
sures and exposure to tailings from the mine will 
have contributed to the cause of mesothelioma 
in these cases. A recent meta-analysis of para- 
occupational exposure and mesothelioma found 
an odds ratio of 5.0 (2.5–10 CI) for domestic 
asbestos exposure [33].

2.4.2  Environmental Exposure

Environmental asbestos exposures typically take 
place in the vicinity of industrial operations and 
asbestos mines, and there are reports showing 
decreasing mesothelioma risk with increasing 
distance from industrial asbestos activities [34, 
35]. Thus, the outdoor environment provides an 
important source of asbestos exposure. However, 
in recent years, it has become apparent that the 
indoor environment may also pose a serious risk 
factor. Living in a house with loose-fill (amosite) 
roof insulation confers an increased risk of can-
cer (in particular mesothelioma) [36], and it is 
clear that renovation of asbestos-contaminated 
homes and buildings is contributing to the meso-
thelioma epidemic [37]. Victims’ groups and 
lawyers involved in the claims of asbestos vic-
tims were the first to point to the ‘changing face 
of mesothelioma’ and demanded attention for 
the role of non-occupational asbestos exposure 
in causing disease. The early assessment of can-
cer outcomes in New York City firefighters, who 
were massively exposed to asbestos and multiple 
other carcinogens after the attacks on the World 
Trade Centre on 11 September 2001, reveals an 
increased cancer incidence and a high prevalence 

B2

B1

C1

A1

D2 C2

B3 D1

D3

D4

D5

A2

Fig. 2.1 Potential pathways for environmental exposure 
to asbestos. (a) Para-occupational exposure occurs when 
asbestos-exposed workers function as vectors for trans-
porting fibres. Household contacts can be exposed in 
worker vehicles (a1) or through contact with worker 
clothes or other dust deposits in the home (a2). (b) 
Environmental exposure from industrial operations. 
Airborne contamination to communities can be attributed 
to emissions from nearby mining operations (b1) or asbes-
tos industry (b2). Communities can also be exposed to 
railings or asbestos-laden industrial waste materials when 
used in roadways or soils (b3). (c) Exposure to commer-
cial asbestos-containing products. Asbestos is in numer-

ous products, including automotive brakes (c1) and 
several housing materials that can be readily disturbed 
during home maintenance or renovation projects (c2). (d) 
Naturally occurring asbestos (NOA). In several parts of 
the world, humans have been exposed to asbestos through 
local use of NOA materials for roads and soil amendments 
(d1) and as a component in whitewash, stucco or other 
building materials (d2). Human contact with locations of 
exposed NOA can result in fibre release through recre-
ational interaction (d3) and development projects (d4). 
NOA materials can also be released through natural ero-
sion and wind (d5). Adapted from C.  W. Noonan. Ann 
Transl Med;5(11):234 with permission of the author 
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of disease conditions thought to be the conse-
quence of chronic inflammation [38]. It is diffi-
cult to judge these early findings, but considering 
the fact that lung and mesothelioma carcinogen-
esis are estimated to take at least 20 years, much 
more time is needed to reliably estimate the con-
sequences of an unprecedented intense exposure 
to toxic, asbestos-containing dust.

Mesothelioma registry data from Australia 
confirm that the number of mesothelioma cases 
with exposure to asbestos during home renova-
tion has increased in recent years [21], underlin-
ing the importance of awareness campaigns to 
warn people not to disturb asbestos-containing 
materials. The ongoing excessive consumption 
of asbestos in developing countries urgently 
calls for action, but it is doubtful if the mesothe-
lioma epidemic that is currently building up in 
these countries can be effectively prevented [39]. 
In this respect, it should be underlined that the 
pathological diagnosis of mesothelioma is notori-
ously difficult and frequently requires an expert 
pathologist [40, 41]. Apart from the difficulties in 
making a correct mesothelioma diagnosis, under-
reporting of mesothelioma in developing nations 
has been noticed [39, 42, 43]. Underreporting 
may have contributed to an attitude of ‘meso-
thelioma is not a problem here’ and explain the 
lack of attention for the dangers of (occupational 
and environmental) asbestos in many countries 
worldwide.

2.4.3  Naturally Occurring Asbestos

Apart from occupational, para-occupational 
and environmental asbestos and related min-
eral exposures, we may have unintended con-
tact with ‘natural’ asbestos in rocks and soils. 
Naturally occurring asbestos (NOA) is a term 
used to describe fibrous minerals that constitute 
a natural component of rocks and soil, although 
they may or may not meet the regulatory defini-
tions of asbestos [44]. Several geographic areas 
with deposits of natural occurring asbestos have 
been identified: tremolite and chrysotile are 
found in villages in Turkey, Greece, Corsica, 
Cyprus and New Caledonia; erionite is present in 

Cappadocia; and crocidolite in commonly found 
in rural southwestern China [45–50]. In some of 
these places, the naturally occurring asbestos was 
used for whitewashing and stucco and in others 
for the pavement of roads. The mesothelioma 
incidence rates among people living around these 
typically rural sites were elevated when com-
pared with global background rates and, similar 
to studies of asbestos plants, the mesothelioma 
risk was inversely correlated with the distance 
from the asbestos deposit. The male-to-female 
ratios were lower than for mesotheliomas in the 
occupational setting and frequently approach 1:1 
[51]. Our understanding of the risks of naturally 
occurring asbestos has increased in recent years, 
and studies from New Caledonia, Turkey and 
the US have identified the most likely sources of 
environmental asbestos exposures (roads, soils, 
whitewash and stucco), underlining that not 
every natural environment is safe.

2.5  The Chrysotile Controversy

Ninety to 95% of all asbestos mined and utilized 
worldwide was chrysotile [52]. On the basis of 
historical asbestos consumption data and age- 
adjusted mortality rates, an evident (ecological) 
association between the increasing mortality 
from mesothelioma and increasing asbestos con-
sumption was established in 2007 [53]. This 
worldwide association study underlines that the 
consensus among scientists, who reviewed the 
asbestos literature and concluded that all forms 
of asbestos are carcinogenic, is correct [54]. The 
term ‘safe use of chrysotile asbestos’ propagated 
by Chrysotile Association, a Canada-based lobby 
group of chrysotile producers, has been used to 
avoid expansion of trading bans for all forms of 
asbestos [55–57]. The debate about the ‘safety’ 
of chrysotile came to a head in 1997 following 
the blanket ban on asbestos usage by France. A 
dispute with Canada ensued, with claims of dam-
aged economic interests and impedance of free 
trade in view of the alleged safety of chryso-
tile. After much discussion, the World Trade 
Organization ruled that chrysotile was danger-
ous, and in the subsequent years, it became a 

N. van Zandwijk and G. Reid



23

requirement for all countries wishing to enter the 
European Union to ban all forms of asbestos. The 
anti-chrysotile position has also been adopted by 
the United Nations, United States Environmental 
Protection Agency (though not the US govern-
ment) and the International Labour Organization 
(WHO. Elimination of asbestos related diseases. 
WHO; 2006). It is important to note that the 
Canadian support for Chrysotile was not unani-
mous. The Canadian Cancer Society (2010), 
the Canadian Medical association (2009) and 
the Canadian Public Health Association (2010) 
opposed the exportation of chrysotile to develop-
ing countries. After the Quebec provincial elec-
tion in 2012, the winning party (Parti Québécois) 
followed through with the election promise to 
halt asbestos mining and to cancel a multimil-
lion dollar loan promised by the Canadian gov-
ernment to reopen the mines that were closed in 
2011. Since this time, the International Chrysotile 
Association (ICA), funded and controlled by 
foreign asbestos interests, continues to defend 
the ‘safe use of chrysotile’ despite a plethora of 
scientific evidence showing the opposite. The 
Directors of the ICA represent asbestos interests 
in Russia, Kazakhstan, Brazil, India, Mexico and 
Zimbabwe and lobby governments not to ban 
asbestos [58, 59]. It is assumed that the ‘safe 
use of chrysotile’ campaigns together with the 
accelerated economic developments in Asia have 
contributed to the dramatic shift of the world’s 
asbestos consumption to Asian countries [60].

The complexity of establishing the relation 
between asbestos (chrysotile) exposure and 
mesothelioma should not be underestimated. The 
long latency between (first) asbestos exposure 
and cancer (mesothelioma) is a confounding fac-
tor, and deaths from cardiovascular disease and 
cancers other than mesothelioma partly obscure 
the link between asbestos and mesothelioma [61]. 
Moreover, observational studies usually are not 
designed to cover periods of 50  years or more, 
and studies with a follow up of 10–20 years are 
unable to establish a reliable association between 
chrysotile exposure and mesothelioma. The 
importance of continued observations is under-
lined by data from the Australian Mesothelioma 
Registry revealing a marked increase over time of 

the age-specific mesothelioma incidence rates for 
individuals aged 75 years or older [21]. Taking 
into consideration the complexity of making a 
correct mesothelioma diagnosis [62], it is under-
standable why it has taken so many years to con-
firm the association between chrysotile exposure 
and the occurrence of mesothelioma [63, 64].

Proponents of chrysotile hypothesize that this 
form of asbestos is unable to cause significant 
toxicity due to the ability of chrysotile fibres to 
undergo rapid, longitudinal splitting into smaller 
fibrils. The splitting into smaller fragments was 
thought to lead to a more rapid clearance from 
the lung (decreased half-life) and less carci-
nogenicity [65]. Animal studies had also sug-
gested a relationship between fibre dimensions 
and carcinogenic potential (Stanton hypothesis), 
with longer fibres being more carcinogenic [66]. 
Moreover, pathological studies with fibre counts 
in lung tissue and fibre classification revealed sig-
nificant amounts of amphibole fibres (tremolite) 
in the lungs of chrysotile workers [67, 68]. These 
amphiboles rather than chrysotile were suspected 
to constitute the real cause of mesothelioma. 
Similar studies in autopsy cases of mesothelioma 
patients revealed a high prevalence of amphibole 
fibres [69]. In addition, the relationship between 
lung asbestos fibre type/burden and relative risk 
of mesothelioma was supported by the outcomes 
of a case–control study [70]. However, in an 
analysis of 186 human lung and mesothelioma 
samples by high-resolution analytical electron 
microscopy, long thin asbestos fibres comprised 
only 2.3% of the fibres present; 89.4% were 
≤5 μm and 92.7% were ≤0.25 μm in width, sug-
gesting a contribution of these shorter fibres to 
the pathogenesis of mesothelioma [71]. In 2017, 
the first longitudinal intraindividual asbestos 
fibre quantitation data became available [72]. 
Sequential biopsies of 12 patients with asbestos-
related disease had been collected at a median 
interval of 8  years (range 4–21). Over time, 
the fibre burden seemed to have increased, and 
chrysotile was found to be the main fibre present 
in the tissue samples (66.7%). Considering the 
theory of ‘rapid clearance’ of chrysotile from the 
lungs, the high biopersistence of chrysotile fibres 
in the lungs of patients with asbestos- related dis-
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ease came as a genuine surprise. This study also 
underlined the complexity of fibre analyses and 
added a new dimension to the chrysotile debate. 
Previous studies measuring asbestos fibres in the 
lungs of patients have taken the fibre burden as a 
surrogate for asbestos carcinogenesis and poten-
tially overlooked the most important steps of 
mesothelioma carcinogenesis that are assumed to 
take place in the parietal pleura [10].

The potency of amphibole asbestos fibres 
to induce mesothelioma has been re-evaluated 
recently. While amphiboles appear to have a 
greater link to mesothelioma, it is suspected that 
chrysotile may have a similar potential as amphi-
boles, when lung cancer is concerned [73]. The 
high lung cancer rates in a prospective study of 
37 years in smoking and non-smoking chrysotile 
miners in China provide a good example sup-
porting this idea [74]. Finally, it is important to 
mention that researchers with a conflict of interest 
(due to financial support from the asbestos indus-
try) have influenced the chrysotile debate. As such 
they are responsible for a black page in the history 
of research into asbestos-related diseases [75].

2.6  Non-Asbestos Causes 
of Mesothelioma

2.6.1  Erionite

Not every mesothelioma is elicited by minerals 
categorized under the name asbestos. Exposure 
to erionite, a fibrous zeolite but resembling 
asbestos [76] and present in volcanic regions 
around the world, is associated with mesothe-
lioma. Environmental exposure to erionite pres-
ent in volcanic deposits in the Cappadocia region 
of Turkey, where it is used to whitewash houses, 
has been established as the origin of an unusu-
ally high incidence of mesothelioma [77, 78]. 
Subsequent experimental studies confirmed 
the carcinogenic potential of this mineral [79]. 
Interestingly, there is also a high incidence of 
lung cancers noted among the inhabitants of this 
region [80], and similar observations have been 
made in other parts of the world [81, 82]. As a 
consequence of the very high (>50%) incidence 

of erionite-associated mesothelioma, genetic pre-
disposition studies have been undertaken. These 
suggest that the mesothelioma epidemic must 
result from an interaction between genetics and 
erionite exposure [83, 84].

2.6.2  Ionizing Irradiation

The association between mesothelioma and 
radiation exposure comes from case reports, case 
series and retrospective cohort studies. The total 
number of radiation-exposed individuals stud-
ied is much smaller than in studies of asbestos 
exposure. Evidence for an elevated risk of devel-
oping mesothelioma following radiotherapy for 
Hodgkin and non-Hodgkin lymphoma, childhood 
tumours or breast cancer has been provided in a 
number of studies [85–88]. Similar observations 
were made in patients exposed to radioactive con-
trast (Thorotrast) and in individuals exposed to 
radiation in nuclear plants [89, 90]. Experiments 
with intraperitoneal injection of plutonium diox-
ide in rats confirmed that a variety of tumours 
including mesothelioma were induced in a high 
percentage (30%) of the exposed animals [91].

2.6.3  Chronic Inflammation

Scattered reports of mesothelioma following 
chronic inflammation of the pleura (or perito-
neum) have appeared since the 1980s. Chronic 
empyema and tuberculosis, chronic diverticu-
litis and recurrent peritonitis (Crohn’s disease) 
were among the preconditions [92–95]. These 
case reports do not allow more than speculation 
about the carcinogenic pathways and inflamma-
tory mediators involved, although continuous 
overproduction of certain cytokines has been sus-
pected to play an important role [96].

2.6.4  Carbon Nanotubes

A variety of man-made fibres have been studied 
for their potential etiological role in inducing 
mesothelioma. Systematic reviews of vitreous 
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fibres conclude that that there is insufficient sup-
port for an increased risk of mesothelioma fol-
lowing exposure to rock wool and glass fibres 
[97]. Carbon nanotubes, applied in a variety of 
products and—as with asbestos in the past—rap-
idly gaining popularity, are likely to behave as 
biopersistent fibres with a carcinogenic potential 
[98]. Similar to asbestos fibres, carbon nano-
tubes will lodge in the lungs after inhalation and 
migrate to the pleura and give rise to a (chronic) 
inflammatory reaction [99]. Notwithstanding the 
fact that the literature on the health effects of car-
bon nanotubes and mesothelioma is scarce, the 
asbestos tragedy teaches us that our awareness of 
the potential dangers of man-made mineral fibres 
should be high. In other words, these nanomateri-
als should only be released into the environment 
if extensive carcinogenic testing has confirmed 
their safety [10].

2.6.5  Simian Virus 40

In 1996, a potential causative role of simian 
virus 40 (SV40)—an oncogenic polyomavirus 
endemic in rhesus monkeys and a contaminant 
of the poliovirus vaccine of the 1950s—in the 
development of mesothelioma was proposed by 
UK investigators [100]. It was theorized that 
30–100 million individuals in the US and many 
more worldwide might have received SV40- 
contaminated polio vaccine, thereby increasing 
their future risk of mesothelioma [101]. Initially, 
a few reports seemed to support this theory, but 
none of the larger epidemiological studies that 
followed have been able to confirm this associa-
tion [102–104]. Within this context, it is appro-
priate to mention experimental studies revealing 
that mice became more susceptible to asbestos 
carcinogenesis after being infected with SV40 
or transfected with SV40 large T-antigen (Tag) 
[105] and that transgenic mice in which expres-
sion of the SV40 large T antigen is limited to 
the mesothelium are particularly susceptible 
to asbestos carcinogenesis [106]. Interestingly, 
these experimental tumours don’t have the same 
mutations as human mesothelioma.

2.7  Mesothelioma 
Carcinogenesis

Until recently, it has been assumed that the meso-
thelial cell represented the progenitor cell for 
mesothelioma. However, when mesothelial cells 
are damaged, sub-mesothelial (multipotent) stem 
cells may contribute to repair/regeneration [10, 
107, 108]. Therefore, it is unclear whether the 
mesothelioma progenitor cell is derived from a 
sub-mesothelial (multipotent) cell, from the dif-
ferentiated mesothelial cell or both [10]. Another 
point that needs our attention is the hypothesis 
that mesothelioma primarily originates in the 
parietal pleura and thereafter involves the vis-
ceral pleura. The carcinogenic (initiating) role 
of asbestos fibres that accumulated near the 
parietal pleura seems likely, but since pathologi-
cal studies have primarily focused on asbestos 
fibres in lung parenchyma, our understanding of 
mesothelioma carcinogenesis is far from com-
plete. Taking clinical and experimental evidence 
together, it seems likely that inhaled asbestos 
fibres will end up in the pleura, induce a chronic 
inflammatory reaction and lead to ‘frustrated 
phagocytosis’ followed by genetic and epigen-
etic changes in the mesothelium [109, 110]. In 
addition, fibre-induced changes in signalling 
pathways [111], iron-catalysed generation of free 
radicals [112] and the release of alarmins such 
as HMGB1 [113] have been postulated to play a 
role in carcinogenesis.

Cytogenetic studies have revealed that instead 
of being associated with oncogene mutations, 
mesothelioma is primarily caused by a lack of 
tumour-suppressing mechanisms. More recent 
studies employing next-generation sequenc-
ing have reinforced this notion [114–116]. 
The cyclin-dependent kinase inhibitor 2A 
(CDKN2A), neurofibromatosis type 2 (NF2) and 
BRCA1- associated protein (BAP1) are the most 
frequently mutated tumour-suppressor genes 
[114]. CDKN2A deletions are found in about 
70%, inactivating NF2 mutations in 35–40% and 
BAP1 alterations in 60% of mesothelioma cases. 
NF2, CDKN2A and BAP1 deletions also con-
tribute to mesothelioma development in mouse 
models [117–120]. There is increasing evidence 
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that in certain individuals there might have been 
a genetic basis for more susceptibility to asbestos 
carcinogenesis [121–123], and BAP1 mutation 
carriers found a high incidence of malignancies 
in contrast to family members who did not carry 
a mutation. As BAP1 mutations were found less 
frequent in patients with sporadic mesothelioma, 
it is hoped that additional gene-disease correla-
tion studies will further elucidate susceptibility 
factors [124]. Functional studies have demon-
strated the feasibility of targeting BAP1 protein 
partners as well as genes up- and downstream of 
BAP1 functions. For example, the molecular tar-
geting of EZH2 overexpression in mesothelioma 
tumour cells lacking BAP1 activity has been pos-
tulated as an approach to treatment [125] and has 
reached the clinical trial stage [126].

In addition to the frequent loss of tumour- 
suppressor genes, array-based investigations 
have reported gene expression changes that dis-
tinguish mesothelioma from mesothelium [127], 
provide a prognostic signature [128], identify 
potential therapeutic targets [129] and define 
molecular sub-groups [130]. Many of these 
changes result in growth promoting upregulation 
of genes involved metabolism [131], cell cycle 
and mitosis [129], signalling pathways [127] and 
epithelial–mesenchymal transition [130]. More 
recent next-generation sequencing has confirmed 
many of these transcriptomic changes [114, 132]. 
As well as changes between mesothelioma and 
normal tissue, gene expression changes in meso-
thelial and lung epithelial cells induced by asbes-
tos exposure have been explored, both in  vitro 
[133–135] and in various animal models [136, 
137]. Changes induced by asbestos include alter-
ations to cell signalling, apoptosis, inflammatory 
response and fibrogenesis. However, the specific 
contribution of many of these changes to meso-
thelioma remains to be determined.

More recently, non-coding RNA genes have 
also been implicated in mesothelioma pathogen-
esis, with the microRNA family of non-coding 
of gene regulators gaining increasing attention 
in recent years. These short (21–23 nucleo-
tides) posttranscriptional repressors of mRNA 
translation are predominantly downregulated in 
cancer contributing to upregulation of growth- 

promoting genes [138], with a growing number 
of reports implicating roles for microRNAs in 
mesothelioma carcinogenesis and biology [139]. 
Compared to the effects of asbestos exposure 
on protein coding gene expression, there is lim-
ited information concerning asbestos-induced 
changes in microRNA levels. While expression 
profiling in asbestos-exposed mesothelial cells 
and animal models is needed to clarify the role 
of microRNAs in mesothelioma carcinogenesis, 
several studies suggest they may appear at an 
early stage. For example, silencing the tumour-
suppressor miR-34 family imparts malignant 
characteristics to mesothelial cells [140], and 
mice genetically engineered to have LOH in Nf2 
and Cdkn2a develop aggressive tumours with 
reduced p53 and miR-34a expression [141]. In 
addition, the inflammatory effects of asbestos 
fibres are associated with altered methylation 
patterns in mesothelioma [142, 143], and epigen-
etic silencing has been found to suppress levels 
of miR-34b/c [144], miR-145 [145] and miR-126 
[146]. Other mechanisms are responsible for the 
reduced expression of additional microRNAs: 
miR-31 is frequently co-deleted with CDKN2A 
[147], while gene dosage also affects expression 
of miR-137 [148]. Intriguingly, while the latter 
display tumour-suppressor properties in meso-
thelioma cells, they are also found at elevated 
levels in the tumours of patients with shorter sur-
vival [148, 149] suggesting different roles during 
tumour progression.

Accumulating evidence suggests that changes 
in microRNA expression contribute to the 
increased migration and invasion characteris-
tic of mesothelioma cells. Increasing the levels 
of miR-29c-3p [150], miR-31 [147], miR-34b/c 
[144], miR-137 [148] and miR-145 [145] all 
inhibit invasion. Changes in miR-205 were 
associated with increased epithelial–mesenchy-
mal transition, with expression lower in non- 
epithelioid tumours and cell lines [151]. Other 
microRNAs including members of the miR-15 
[152] and miR-34 [144] families, miR-193a-3p 
[153] and miR-302b [154], regulate expression 
of cell cycle and apoptosis-related genes and pro-
liferation. However, while the list of dysregulated 
microRNAs with tumour-suppressor activity in 
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mesothelioma continues to grow, only a handful 
have shown therapeutic potential by inhibiting 
tumour growth in vivo [139]. Of these, miR-16 
has developed furthest clinically. It is signifi-
cantly downregulated in mesothelioma tumours 
and cell lines, and restoring levels using a mimic 
inhibited mesothelioma growth in  vitro and 
in vivo [152]; these results supported a phase I 
trial which yielded promising results [155]. The 
contribution of miR-16 family members to che-
moresistance [152], PD-L1 [156] and mesothelin 
expression [157] suggests that microRNAs may 
have the potential to contribute to combination 
therapy.

2.8  Conclusion

The relationship between occupational and non- 
occupational asbestos exposure and develop-
ment of mesothelioma is well established. In 
occupational studies, the number of males diag-
nosed with mesothelioma was definitely higher 
than that of females. However, when studies 
with non- occupational asbestos exposure are 
taken into account, this gender difference seems 
to disappear. In recent years, the risk of envi-
ronmental asbestos has been more accurately 
defined, while non-asbestos risk factors such 
as irradiation have been added. Special atten-
tion is warranted for the potential risk of carbon 
nanotubes, bearing structural similarities with 
asbestos fibres. Despite the acceptance by global 
health organizations more than 40 years ago of 
the evidence that all forms of asbestos are car-
cinogenic, asbestos manufacturers worldwide 
have continued their lobby for so- called ‘safe 
chrysotile use’. This lobby, closely resembling 
that of the tobacco industry, contributes to the 
continuing (massive) environmental pollution 
in developing countries and the creation of the 
health problems of tomorrow. The disclosure 
that certain asbestos researchers, paid (directly 
or indirectly) by the asbestos industry, partici-
pated in the ‘chrysotile debate’ constitutes a 
black page in the history of research of asbestos- 
related diseases and underlines the crucial role 
of ‘conflict-of-interest’ statements.

Progress has been made in our understanding 
of the biology of mesothelioma and the molecu-
lar changes occurring in mesothelioma cells. 
Overall, the number of genes with recurrent 
mutations in mesothelioma is relatively limited, 
and mostly comprises tumour-suppressor genes. 
A role of BAP1 mutations in familial mesothe-
lioma is very likely. Mutations in BAP1 are also 
common in sporadic mesothelioma, and addi-
tional studies may provide new approaches for 
the treatment of tumours exhibiting loss of BAP1 
or other tumour-suppressor genes. Similarly, 
microRNAs are also frequently dysregulated in 
mesothelioma, and their roles in carcinogenesis 
and tumour progression are slowly becoming 
clear. The continued investigation into mesothe-
lioma biology is essential to identify new pre-
ventive and therapeutic strategies and to provide 
hope for patients suffering from this devastating 
predominantly man-made cancer.
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Screening Issues in Exposed 
Subjects and Early Diagnosis

Manlio Mencoboni, Paola Taveggia, 
Claudio Francesco Simonassi, 
and Rosa Angela Filiberti

3.1  Introduction

Asbestos is a natural fibrous mineral. It has been 
increasingly used for a variety of applications 
around the world, especially heavy industry and 
construction activities. WHO estimates that 125 
million workers are exposed to asbestos [1]. 
Many domestic tools or products are responsible 
for a nonoccupational exposure as well.

So hundreds of millions of people are at 
risk of developing an asbestos-caused disease 
because of occupational, environmental, or 
domestic exposure. Malignant mesothelioma 
(MM), pleural, peritoneal, testicular, and pericar-
dial is the most lethal one. The WHO estimates 
that asbestos may be responsible for more than 
100,000 deaths yearly. MM develops with a 
latency of 20–60  years from asbestos exposure 
[2]. Malignant pleural mesothelioma (MPM) is 
the most common.

Exposure to asbestos fibers is considered as 
the main cause of MM [2, 3] even if additional 
factors including SV40 infection [4–6] and expo-
sure to radiation, especially high-dose radiother-
apy of lymphoma and other chest malignancies 
[2], may also cause mesothelioma, possibly in 
concert with asbestos [7].

Recently, germline heterozygous inactivating 
mutations of the BRCA1-associated protein-1 
(BAP1) gene have been identified as the cause 
of the high penetrance hereditary BAP1 cancer 
syndrome [8, 9]. BAP1 syndrome includes mul-
tiple cancers. Mesothelioma, even if not exposed 
to asbestos, is one of these cancers.

MM is divided into three histology cat-
egories: epithelioid, sarcomatoid, and biphasic. 
Epithelioid histology accounts for about 70% of 
all MMs and is less aggressive, sarcomatoid his-
tology is the most aggressive one, and biphasic 
subtype has intermediate features. But all these 
histologies share ominous prognosis.

Differential diagnosis of mesothelioma 
is sometimes very difficult. Epithelioid MM 
looks like renal or non-small cell lung cancer. 
Sarcomatoid histotype is similar to carcinosar-
coma or to other sarcomas. Immunohistochemical 
tissue markers (such as calretinin or WT-1) are 
very useful to diagnose MM [10].

These tissue markers, however, will not be the 
focus of this chapter. We will focus on soluble 
biomarkers potentially useful for preventive or 
clinical screening purposes. Only soluble bio-
markers are manageable for mass screening, and 
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most screening studies have used them. Actually 
new effective biomarkers are needed for MM 
screening and detection at earlier stages and to 
develop tailored therapies.

Low-dose computed tomography screening 
studies for MM have been conducted by sev-
eral investigators, but CT scans resulted in low 
cases of true malignancies detected together with 
a certain number of benign diseases requiring 
follow- up. As a matter of fact, radiologic screen-
ing studies have not proven effective for detect-
ing early-stage MPM among asbestos-exposed 
subjects.

So soluble biomarkers are crucial: biomarkers 
are cellular, biochemical, or molecular altera-
tions that are measurable in cells, in tissues, or in 
biological media [11]. Biomarkers refer to a bio-
logical condition, including tumors. Biomarkers 
can be divided into two categories:

• Prevention (biomarkers of exposure, risk 
prediction)

• Clinical and diagnostic biomarkers (biomark-
ers of diagnosis, prognosis, treatment 
response)

Early MM detection could allow therapeutic 
interventions at a potentially treatable stage, but 
when monitoring high-risk subjects, it is neces-
sary to have a sensitive and highly specific test 
in order to avoid false-positive results. Asbestos- 
exposed workers may represent an ideal cohort to 

be followed, because of the higher risk of devel-
oping MM and since there is an increased prob-
ability that the studied marker be raised in this 
group, compared to unexposed populations. Over 
the past decades, advances in molecular biology 
have led to the identification of several potential 
biomarkers in blood for early MM detection; 
nevertheless, at present there are no validated 
biomarkers proved to have sufficient specificity 
and sensitivity to be used. We will review the 
state of the art of soluble biomarkers that are 
more suitable for prevention and screening and 
might be useful to evaluate the response to ther-
apy (Table 3.1).

3.2  High-Mobility Group Box 1

High-mobility group box 1 (HMGB1) is a pro-
inflammatory cytokine but has several differ-
ent functions, as well. It is usually found in the 
nucleus, where it stabilizes nucleosomes and 
contributes to DNA transcription, replication, 
and recombination. In case of inflammation, 
HMGB1 can translocate from the nucleus to 
the cytosol and then be secreted into the extra-
cellular environment and from this to systemic 
circulation [12–14]. Inflammatory cells, such 
as granulocytes and macrophages, can produce 
HMGB1 as well and diffuse it from the cytosol 
in the extracellular milieu, where it displays pro-
inflammatory activity-producing TNF alpha [15, 

Table 3.1 Main Mesothelioma biomarkers

Marker Collection Use Pros Cons
HMGB1 Serum- 

plasma
Exposure/diagnosis Promising Difficult determination

MicroRNA Serum- 
plasma

Exposure/diagnosis Promising Difficult determination/variability

Proteomic 
signature

Serum- 
plasma

Exposure/diagnosis/
prognosis

Promising Few patients studied

Mesothelin and 
SMRP

Serum- 
plasma

Exposure/diagnosis/
prognosis

Easy to test Not reliable by itself (low sensitivity 
and specificity)

MPF Serum- 
plasma

Exposure/diagnosis/
prognosis

Easy to test Not reliable by itself

Osteopontin Serum- 
plasma

Exposure/diagnosis/
prognosis

Easy to test Reliable only for exposure

Fibulin-3 Serum- 
plasma

Exposure/diagnosis Easy to test Low sensitivity and specificity
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16]. In case of inflammation, HMGB1 is acety-
lated, and this prevents from nuclear transloca-
tion. Asbestos fibers cause chronic inflammation, 
and HMGB1 increases in extracellular matrix 
and inside the mesothelial cells. HMGB1, due 
to asbestos exposure, triggers the process of cell 
transformation in mesothelial cells that is usu-
ally associated with acetylated form [17]. So it 
has been demonstrated that HMGB1 levels in 
the sera from patients with malignant peritoneal 
mesothelioma were significantly higher than 
those of non-mesothelioma subjects with a his-
tory of exposure to asbestos [18, 19]. In Japanese 
patients with malignant pleural mesothelioma 
(MPM) serum, HMGB1 was also a prognostic 
marker [19]. The role of HMGB1 in exposed sub-
jects (ES) or in patients affected by benign dis-
eases caused by asbestos exposure (ABD) is still 
unknown. Recently, it has been published that 
the level of HMGB1 was significantly elevated 
in ES and ABD subjects. For clinical diagnosis, 
these results indicated that serum HMGB1 is a 
sensitive and specific biomarker to discriminate 
asbestosis and MM from healthy or ES [20, 21]. 
Moreover, a recent paper has shown in cellular 
and murine level that salicylates inhibit the activ-
ities of extracellular HMGB1 and that at least 
part of the anticancer effects of aspirin are due to 
inhibition of HMGB1’s activities and are COX-2 
independent [22]. So the role and the importance 
of HMGB1 are increasing, and further interesting 
 investigations are warranted. This is one of the 
most promising new markers.

3.3  miRNA

miRNAs (microRNAs) are small sequences of 
RNA involved in regulation of gene expression. 
They are circulating and regulate many cellular 
activities: proliferation, apoptosis, metabolism, 
and angiogenesis. They are characterized by high 
stability under different conditions [23] and play 
important roles in several processes such as cell 
growth, differentiation, proliferation, angiogen-
esis, stress response, tissue remodeling, disease, 
and malignancy [24–29]. A multitude of miR-
NAs are differentially expressed in specimens 

from MM, asbestos-exposed, and healthy sub-
jects. Some miRNA seems to be most significant. 
Actually tumors generate a characteristic miRNA 
fingerprint in the cellular fraction of peripheral 
blood [30]. miR-103 levels were able to discrimi-
nate MM patients from asbestos-exposed subjects 
and healthy controls [31]. Moreover, miR-625-3p 
levels showed the ability in differentiating MM 
from asbestosis patients [32]. Another study has 
identified two different serum miRNA signatures 
(with several miRNAs) correlating with MM 
histological subtype and clinical outcome [33]. 
Investigation of miR-34b/c activity has demon-
strated that downregulation of miR-34 family 
members induces proliferation of mesothelial 
cells, playing an important role in carcinogenesis 
[34]. Adenovirus-mediated miR34b/c gene ther-
apy has shown promise in the treatment of malig-
nant pleural mesothelioma (MPM) [35]. Many 
studies have been performed about miRNA and 
MM. But differences in miRNA profiling meth-
ods and the technological approaches adopted 
are a real problem in comparing results from 
different papers. Therefore, the identification of 
minimally invasive, inexpensive diagnostic/prog-
nostic tests with miRNA for MM is still negative.

3.4  Proteomics

Myriad of proteins are expressed by an organism 
or a system under defined conditions. The study 
of some of these proteins might be a useful tool 
for early diagnosis in MM.

Actually a serum-based 13-protein classifier 
with an AUC of 0.95 and an overall accuracy of 
92% for detection of MM in the asbestos-exposed 
population using the SOMAscan™ proteomic 
assay has been developed [36].

Another seven glycopeptide signature has 
been identified by selected reaction monitoring 
(SRM) assay technology in MM cells and used to 
investigate surfaceome-derived serum candidate 
biomarker panels for MM [37]. This panel accu-
rately discriminated MM from healthy subjects.

Moreover, in combination with mesothelin 
ELISA, it significantly improved the diagnostic 
accuracy of mesothelin in differentiating MM 
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from non-small-cell lung cancer (NSCLC) [37]. 
Therefore, the proteomic approach seems to be a 
very promising approach.

3.5  Mesothelin and Soluble 
Mesothelin-Related Peptides 
(SMRPs)

Soluble mesothelin-related peptides (SMRPs) are 
found in normal mesothelial cells and are overex-
pressed in various cancers. They are membrane- 
bound peptides that can be processed to yield 
megakaryocyte-potentiating factor (MPF) and 
mesothelin, which remains attached to the cell 
membrane via glycophosphatidylinositol linkage 
[38, 39].

SMRPs are found in human serum and in 
pleural fluid and have been proposed as marker 
for the diagnosis of MM and for differentiating 
MM among asbestos-exposed individuals and 
patients with benign pleural diseases or with 
pleural metastases from carcinomas [40, 41] as 
well as a prognostic marker [42, 43]. Moreover, 
the evidence of increased serum SMRP con-
centrations in individuals with past exposure to 
asbestos compared to nonexposed, and in sub-
jects with pleural asbestos-related diseases (i.e., 
pleural plaques and fibrosis), has suggested a 
possible role of SMRP for detecting the disease 
in early stages [44, 45]. Robinson et  al. first 
hypothesized the possibility to use SMRP in 
surveillance of asbestos-exposed individuals as 
an early marker of MM in a retrospective study. 
The authors found increased serum SMRP values 
in 7 samples from a random pool of 40 healthy, 
asbestos- exposed individuals. Three out of the 
seven subjects were diagnosed with MM at 15, 
26, and 69 months after blood drawing, while one 
subject was diagnosed with non-small cell lung 
cancer 4 years after sampling. In addition, two of 
other eight patients with MM had increased lev-
els at 12–48 months before diagnosis. No MMs 
were seen in subjects with normal mesothelin 
levels during an 8-year follow-up [40]. Creaney 
et al. [45] determined serial serum SMRP levels 
in a large retrospective study of prospectively 
collected samples of healthy asbestos-exposed 

individuals. 106 out of 118 mesotheliomas diag-
nosed over a period of 12 years had serum sam-
ples available before diagnosis. Mesothelin levels 
were higher than the cutoff value of 2.5 nmol/L 
in last serum sample before the diagnosis in 17 
of them. Generally, median SMRP concentra-
tion was higher in premorbid samples of sub-
jects with MM, compared with individuals with 
no subsequent malignant disease. Positivity for 
SMRP was found in 7 out of 43 individuals with 
a serum sample available within 6  months of 
diagnosis. The authors showed that the percent-
age of mesothelin- positive samples increases 
to 40% when considering a progressive raise in 
serial samplings, rather than an absolute increase. 
A study from Felten et al. [46] on blood samples 
from formerly asbestos-exposed and nonexposed 
controls showed that SMRP concentration may 
increase between 6 and 18  months before the 
onset of MM symptoms. Nevertheless, the authors 
could not find an adequate cutoff value for abnor-
mality. Although retrospective studies have been 
encouraging, the possible use of mesothelin as a 
MM screening tool in healthy asbestos- exposed 
populations has been investigated with contra-
dicting results and is still objective of scientific 
debate [41, 44, 47–49]. Generally, prospective 
studies have shown that the marker has a low 
sensitivity. The poor cancer diagnostic value of 
SMRP might partially be explained by the large 
time interval between sample collection and MM 
diagnosis [47, 50, 51], but the efficacy of SMRP 
is also hampered by its lower concentration in 
sarcomatous or mixed mesotheliomas and by a 
high rate of false-positive cases that could lead to 
unnecessary procedures and anxiety in exposed 
subjects [41, 44]. In fact, a meta- analysis eval-
uating SMRP in MPM and in symptomatic or 
high-risk controls showed that SMRP better dis-
criminated controls from patients with advanced 
epithelioid or biphasic MM compared to those 
with early stage or sarcomatoid type and had low 
sensitivity (32%) for early disease at 95% speci-
ficity [43].

So SMRP and mesothelin have been exten-
sively studied. By themselves they have high 
specificity but unfortunately low sensitivity, so 
they cannot play a role in the early diagnosis of 
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MM.  In the future, it is likely that they can be 
associated to other biomarkers to ameliorate their 
sensitivity.

In addition, several pathological conditions, 
such as renal impairment, can elevate serum 
mesothelin levels, so it is necessary to take care 
of these conditions [52]. Moreover these levels 
are also affected by some individual character-
istics such as age, body mass index, and current 
smoking that should be taken into account when 
evaluating SMRP in non-mesothelioma subjects 
as they could increase the percentage of false 
MM positives [53, 54].

3.6  Megakaryocyte-Potentiating 
Factor (MPF)

MPF is a cytokine sharing with mesothelin the 
same coding gene and has been measured by dif-
ferent ELISA assays in blood of MM patients 
and different control subjects to test its ability 
to diagnose MM [55–57]. Higher serum MPF 
levels were detected in MM patients, compared 
to healthy subjects, individuals with benign 
asbestos- related diseases, or lung cancer patients 
[58, 59], but, generally, it has been shown that 
MPF diagnostic performance is similar to SMRP, 
while the combination of the two biomarkers has 
given inconsistent results [55, 57, 60].

3.7  Osteopontin

Osteopontin (OPN) is a glycoprotein that medi-
ates cell-matrix interaction and cell signaling and 
is overexpressed in several human neoplasms 
such as lung, breast, and colon cancer [61]. Pass 
and colleagues found that serum osteopontin lev-
els were significantly higher in patients with pleu-
ral mesothelioma than in those with exposure to 
asbestos. In addition, high sensitivity and speci-
ficity were found comparing patients with stage 
I mesothelioma and patients with exposure to 
asbestos. These results suggested the potential use 
of OPN as a diagnostic marker for MM patients 
[62]. The diagnostic performance of OPN for MM 
was investigated in other studies that validated 

these results [63], but, conversely, other authors 
did not confirm the utility of OPN as a diagnostic 
marker [64–67]. A more recent systematic review 
and meta-analysis showed that pooled sensitivity 
for serum OPN measurement for diagnosing MM 
was 57% and specificity 81% [68], so the role of 
OPN in mesothelioma screening is limited. On 
the other side, OPN might be used as a marker of 
extent of asbestos exposure [69].

3.8  Fibulin

Fibulin-3 is a conserved member of the extracel-
lular glycoprotein fibulin family encoded by the 
gene epidermal growth factor, containing fibulin- 
like extracellular matrix protein 1 (EFEMP1, 
[70]) involved in the regulation of MM cell pro-
liferation and migration [71]. Analyzing plasma 
fibulin-3, pleural effusion fibulin-3, and tumor 
tissue fibulin, Pass et  al. showed that fibulin-3 
preferentially stained MM tumor cells, with a 
sensitivity of 97% and a specificity of 95%, sug-
gesting that fibulin-3 was a potential diagnostic 
marker for MM [72]. However, other research 
did not replicate these data and reported a much 
lower sensitivity of fibulin-3 for MM diagnosis 
[73, 74] and suggested a better association of fib-
ulin-3 with prognosis rather than diagnosis [74]. 
A comprehensive meta-analysis in MPM cases 
including 6 studies, 468 MPM patients, and 664 
controls evaluated the clinical diagnostic value of 
fibulin-3 for MPM finding a sensitivity and speci-
ficity of 62% and 82%, respectively [71].

3.9  Conclusions

Early MM detection could allow therapeutic 
interventions at a potentially treatable stage, 
but when monitoring high-risk subjects, it is 
 necessary to have a sensitive and highly specific 
test in order to avoid false-positive results.

Over the past decades, advances in molecu-
lar biology have led to the identification of 
several potential biomarkers in blood for early 
MM detection in high-risk subjects such as 
workers exposed to asbestos. It is likely that 
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only asbestos- exposed workers may represent 
an ideal cohort to be followed, because of the 
higher risk of developing MM and since there is 
an increased probability that the studied marker 
be raised in this group, compared to unexposed 
populations. Actually, screening is only worth-
while in a population with a very high probabil-
ity of disease as MM is still a rare disease even 
in high-risk subjects. Furthermore, exposed sub-
jects can be closely followed and are motivated 
to be included in follow-up studies and give the 
possibility to test early therapeutic intervention. 
Surveillance currently includes health history, 
chest X-ray, and spirometry, but so far these tools 
have poor power in predicting the disease. There 
is a great interest in blood biomarkers on their 
potential use in screening for the early detec-
tion of MM; nevertheless, thus far, the studies 
on this topic have led to variable results. There 
are no satisfactory results, and no marker seems 
to be eligible in the surveillance of subjects at 
risk of MM when used alone. Some potential 
explanations for different results include the 
different assays used for markers and differ-
ent control populations used, which may not be 
reflective of high-risk screening populations. In 
the future, the combination of different markers 
might help to distinguish mesothelioma from 
benign asbestos-related diseases and asbestos-
exposed subjects. But we must keep in mind that 
improvements in other fields of research regard-
ing MM are wanted such as early-stage treat-
ment. Actually, for screening to be justifiable, 
treatment of early-stage disease should improve 
outcome, and it is still uncertain whether this is 
the case for mesothelioma at the moment.
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4.1  Introduction

The definition of the malignant mesothelioma 
(MM) genome may have important endpoints, both 
in terms of pathobiology and translation to clinical 
practice. Generally, the identification of DNA 
changes within a tumor genome is useful to iden-
tify the molecular events that lead to carcinogene-
sis or tumor progression, i.e., the driver mutations. 
Early studies focused on the analysis of single 
genes, especially TP53. Looking at melanoma and 
lung cancer genomes, these studies achieved the 

important milestone of deciphering the mutational 
profile (signature) generated by two carcinogens, 
i.e., UV radiation and smoke carcinogens, respec-
tively [1, 2]. The advent of next generation sequenc-
ing (NGS) and novel bioinformatic approaches 
allowed to explore systematically a large number 
of tumor types. The seminal studies by Stratton and 
co-workers allowed to identify several signatures, 
each associated with exposure to a specific carcino-
gen or due to key events in carcinogenesis, such as 
inactivation of specific DNA repair mechanisms or 
activation of deamination enzymes [2].

The identification of abnormalities in specific 
pathways shed light on shared carcinogenetic 
pathways in tumors with or without the same his-
tological origin, paving the road to the creation of 
pathway-specific targeted drugs. In addition, 
tumor classification may be supported by looking 
at the tumor genome and transcriptome.

Furthermore, it is important to consider that 
the individual germline genome can modulate the 
response to carcinogens and hence transforma-
tion. Genetic risk factors are well known for sev-
eral tumors and may have important translational 
output. For example, individuals carrying such 
risk factors may benefit from the implementation 
of screening programs aimed at early diagnosis 
of tumors. Additionally, the same risk factor may 
modify specific carcinogenic pathways and 
response to specific therapies.

Finally, it is well known that tumor suppressor 
genes may also be inactivated by epigenetic 
mechanisms. The term “epigenetic” refers to 
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 heritable and reversible changes in the mecha-
nisms that regulate gene activity without altering 
the genomic sequence. In recent years, there is 
increasing evidence of the major role of epigene-
tic mechanisms in tumorigenesis, as well as in 
drug-response. Much attention is also devoted to 
epigenetic changes as biomarkers of early disease 
detection, prognosis, and response to therapy.

In this review, different patterns of genetic and 
epigenetic signatures of the  malignant pleural 
mesothelioma (MPM) genomes will be dis-
cussed, together with peculiar aspects of genetic 
predisposition and gene/environment interac-
tions. The potential use of these genetic/epigen-
etic signatures for the development of future 
therapeutics will also be addressed.

4.2  Genetic Risk Factors 
of Mesothelioma

MPM carcinogenesis is caused in the large major-
ity of cases by asbestos or asbestos-like fibers 
exposure. It is well known that the level of asbes-
tos exposure directly correlates with the risk of 
MM ([3], more details are given in a different 
chapter of this book), but several epidemiological 
studies suggested that different individuals may 
respond differently to this carcinogen. An impor-
tant observation is that only about 10% of the 
workers heavily exposed to asbestos develop 
MPM [4]. Additionally, several papers reported 
familial aggregations of MPM [5]. These obser-
vations suggested the hypothesis of an inherited 
predisposition that modifies the carcinogenic 
effect of asbestos.

Generally, inherited predisposition factors are 
DNA variants that occur in the germline genome 
and modify the function of a specific gene. They 
are divided into three classes, depending on the 
relative risk (RR) they carry: low-, moderate-, 
and high-risk factors.

Low-risk factors are DNA variants that subtly 
modify the function of a gene or a biochemical 
pathway. In this case, a single DNA variant does 
not have any substantial effect on human pheno-
types, but many DNA variants affecting the same 
biochemical pathway may alter its functions, 

favoring disease development. Therefore, the dis-
ease risk does not follow the rules of Mendelian 
heredity, because each variant is inherited inde-
pendently from the others.

Risk factors are identified using genome wide 
association studies (GWAS) on thousands of 
patients and controls [6]. Large numbers are 
required to obtain statistically significant results, 
because each variant confers a low risk. The aim 
of these studies is to identify DNA variants that 
are differently represented in patients versus con-
trols. These studies are expected to increase the 
knowledge of asbestos carcinogenesis and 
improve risk evaluation.

So far, only  two GWAS on MPM have been 
performed, both including several hundreds of 
patients and controls, but not enough to obtain sta-
tistically significant results [7, 8]. However, both 
studies identified a region associated with the 
MPM status, that included FOXK1, encoding for 
an interactor of BAP1 (BRCA1-associated protein 
1), a well-known high-risk factor for MPM.

BAP1 codes for a tumor suppressor that is fre-
quently deleted in the genomes of several tumors, 
including cutaneous melanoma, uveal melanoma, 
mesothelioma, and others [9].

Germline variants in BAP1 characterize the 
BAP1-tumor predisposition syndrome (BAP1- 
TPDS, MIM#614327) [10]. Tumor predisposi-
tion syndromes are due to germline mutations in 
tumor suppressor genes and are inherited with an 
autosomal dominant pattern. The patients with 
these syndromes show a high or moderate risk for 
specific tumors during their whole life. Often 
they develop several independent tumors.

Individuals with BAP1-TPDS show a high risk 
of developing mesothelioma, cutaneous and uveal 
melanoma, clear cell renal carcinoma, and basal 
cell carcinoma [10]. Moreover, they develop 
peculiar nonmalignant skin tumors, called atypi-
cal Spitz tumors or MBAITs (BAP1-mutated 
atypical intradermal tumors) or bapomas [10, 11].

Patients with BAP1-TPDS and uveal mela-
noma have a poor prognosis [10, 12], whereas 
those with mesothelioma seem to have a longer 
survival than those without BAP1-TPDS [13].

Ninety-seven families with BAP1-TPDS have 
been identified so far, 48 of them included 
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patients with MM; thus, this syndrome is indeed 
very rare [11, 14–38]. Age at onset of mesotheli-
oma in patients with BAP1-TPDS is earlier than 
that in patients without this syndrome [13, 26]. 
Most of the MM are MPM and show an epitheli-
oid histotype, while peritoneal mesothelioma 
(PM) has been rarely reported [10]. The preva-
lence of BAP1-TPDS among patients with famil-
ial MPM varied between 6% (9/153) and 7.7% 
(3/39) [26, 31] and was higher than the preva-
lence observed in sporadic cases [23, 39, 40].

Other tumors have been reported in patients 
with BAP1-TPDS, i.e., breast cancer [12, 14, 21, 
22], cholangiocarcinoma [12, 22, 41], meningi-
oma [18, 25, 38, 41], neuroendocrine tumors [18, 
19], non-small cell lung cancer (NSCLC) [12, 18, 
19, 42], thyroid carcinoma [21, 43], and muco-
epidermoid carcinoma of the tongue [23].

BAP1 (#MIM 603089) is located on 3p21.1 
and encodes for a ubiquitin carboxy-terminal 
hydrolase, a nuclear enzyme that catalyzes the 
cleavage of a ubiquitin residue from its target 
proteins. The product of the gene, BAP1, has 
three domains: the ubiquitin C-terminal hydro-
lase domain and two nuclear localization 
sequences. The BAP1 protein together with 
FOXK1, HCFC1, ASXL1/2, and OGT [44] forms 
a multiprotein complex.

BAP1 has been implicated in DNA repair, 
chromatin modulation, transcriptional regulation, 
cell proliferation, cell death, and glucidic metab-
olism [45–49]. The mechanism of BAP1- 

dependent carcinogenesis is not known, but these 
functions are not mutually exclusive. BAP1 is 
involved in DNA repair by the HRR (homolo-
gous recombination repair) pathway [49].

Bap1 (+/−) mice are more sensitive to asbestos 
compared with wild-type mice [50, 51]. Quanti-
fication of asbestos exposure has been reported 
only for four individuals with MPM and BAP1-
TPDS: all showed very low exposure [31, 52].

BAP1 germline mutations cause loss of func-
tion, and only ten of the different mutations have 
been identified in patients within apparently non- 
consanguineous families [24]. Recurrent muta-
tions could be due to mutable hot spots, such as 
CpG dinucleotides.

Eleven other genes were reported to confer pre-
disposition to MPM: CDKN2A, PALB2, BRCA1, 
FANCI, ATM, SLX4, BRCA2, FANCC, FANCF, 
PMS1, and XPC [32, 53] (Table  4.1). All these 
genes but PMS1 are tumor suppressors, responsi-
ble for cancer predisposition syndromes with spe-
cific tumor spectra. In particular, BRCA1, BRCA2, 
ATM, SLX4, and PALB2 can predispose women to 
breast and ovarian cancer whereas BRCA1 and 
BRCA2 also to prostate and pancreatic carcinomas 
[61]; CDKN2A to melanoma and pancreatic can-
cer [54]; and XPC to basal cell carcinoma, squa-
mous cell carcinoma, and melanoma [62]. PMS1 
is involved in MMR (DNA mismatch repair) and 
possibly in cancer predisposition [63, 64].

Homozygous germline variants in BRCA1 
(also called FANCS); BRCA2 (FANCD1); FANCC, 

Table 4.1 High- or moderate-risk predisposition genes

Gene Function Reference
BAP1 Deubiquitination enzyme, cell proliferation, DNA repair 

pathway (HRR)
[11, 12, 14–39, 41–43, 
54–60]

CDKN2A Cell cycle regulation [32]
ATM Cell cycle regulation, DNA repair pathway (HRR) [53]
BRCA1 DNA repair pathway (HRR) [53]
BRCA2 DNA repair pathway (HRR) [53]
FANCC DNA repair pathway (HRR) [53]
FANCF DNA repair pathway (HRR) [53]
FANCI DNA repair pathway (HRR) [53]
PALB2 DNA repair pathway (HRR) [53]
SLX4 DNA repair pathway (HRR) [53]
XPC DNA repair pathway (NER) [53]

Only genes harboring germline PTVs in MM patients are included. HRR homologous recombination repair, NER nucle-
otide excision repair
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FANCI, FANCF, and SLX4 (FANCP); and PALB2 
(FANCN) are found in patients with Fanconi ane-
mia, a recessive disease that predisposes to a vari-
ety of hematological and solid tumors. This 
disorder can be caused by at least 20 different 
genes [65], all acting in a specific signaling path-
way activated in response to cross- linking agents.

Mutations in XPC cause the recessive disease 
xeroderma pigmentosum (MIM# 278720). XPC 
is involved in the NER  (nucleotide excision 
repair) pathway, a DNA repair system that 
removes the pyrimidine dimers induced by expo-
sure to ultraviolet radiation.

In most cases, the loss of the wild-type allele, 
due to a further acquired mutation, induces carci-
nogenesis in the target tissues of patients with a 
germline variant. Except for CDKN2A, which is 
involved in the control of cell proliferation, all 
these genes have a role in DNA repair.

Anecdotal studies allow to include two more 
genes involved in cancer predisposition syn-
dromes, NF2 and TP53, because MPM was 
reported in patients with neurofibromatosis Type 
2 or Li-Fraumeni syndrome, due to germline 
variants in NF2 or TP53 [66, 67], respectively.

Interestingly, some of these genes are often 
somatically mutated in MPM, i.e., BAP1, 
CDKN2A, NF2, and TP53 [55, 68, 69].

The involvement of DNA repair genes in 
MPM risk has been confirmed by others [70] and 
is in accordance with the observation that 12% of 
patients with different types of metastatic tumors 
were reported to carry germline variants, 75% of 
which in DNA repair genes [71].

Most probably, the development of a specific 
tumor type in patients with these germline muta-
tions depends on the carcinogen to which they 
are exposed. If the carcinogen is asbestos, the 
tumor is likely MPM.  Analysis of the genomic 
signature of the different cancers affecting these 
patients may confirm this hypothesis.

4.3  The Mesothelioma Genome

Deciphering tumor genomes is important both 
to gather information about the processes that 
induce carcinogenesis and to identify drugga-

ble pathways in the landscape of precision 
oncology.

Different methodologies are required to iden-
tify point mutations or large rearrangements and 
copy number  variants (CNVs). Ideally, rear-
rangements and CNVs are studied on the whole 
genome by using CGH (comparative genomic 
hybridization) arrays, SNP (single nucleotide 
polymorphism) arrays, or whole genome 
sequencing. These methods simultaneously iden-
tify all copy gains and copy losses in a genome. 
Point mutations (also called single nucleotide 
variants, SNVs) are detected by NGS. Different 
approaches may be used. Targeted resequencing 
screens hundreds of known cancer genes that are 
usually analyzed in the regions corresponding to 
exons (panel NGS analysis). Exome analysis has 
the advantage of studying all the genes of the 
human genome, with a focus on exons. Using 
appropriate bioinformatic tools, CNVs and rear-
rangements may be identified in exomes, but not 
those affecting noncoding regions.

Whole genome analysis addresses the entire 
genome and could theoretically identify all vari-
ants, but management of big data may be time- 
consuming. In addition, the role of the majority of 
the genome noncoding regions is not known, so the 
functional interpretation of variants is difficult.

Usually the cancer and the blood cell genomes 
are sequenced at the same time to distinguish 
somatic from germline variants. It should be con-
sidered that a very large amount of mutations are 
generated in each tumor cell at every cell division 
because of its genetic instability. Therefore, most 
of these variants are passenger (neutral) variants; 
only a small number are driver mutations, those 
that confer a selective advantage to the cell. It has 
been calculated that only half of the driver muta-
tions in tumors are located in known cancer genes, 
whereas the others reside in genes or regions whose 
effect on carcinogenesis is still unknown [72].

The first studies reporting copy gains and copy 
losses in the mesothelioma genome were pub-
lished 20 years ago (Table 4.2) [9, 55, 56, 69, 73–
80], but point mutations in mesothelioma have 
been addressed only after the implementation of 
NGS strategies (Table 4.3) [9, 55–59, 68, 69, 74, 
76, 78, 79, 81–85]. Most studies are focused on 
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Table 4.2 Mesothelioma genome: genes harboring somatic CNVs

# Gene Aberration Function Reference
1 NF2 Loss, Chr 

rearrangements, 
fusion

Cell shape, cell growth, cell adhesion [55, 56, 69, 
73–77]

2 BAP1 Loss, Chr 
rearrangements, 
fusion

Deubiquitinating enzyme, cell proliferation, 
DNA repair pathway (HRR)

[9, 69, 74, 76, 
77]

3 CDKN2Ac Loss, Chr 
rearrangements

Cell cycle regulation [55, 56, 69, 73, 
75, 77, 78], 
[79]a

4 TRAF7 Loss Ubiquitin-protein transferase activity [76]
5 LATS2 Loss Mitosis, cytoskeleton damage response [69, 74, 76]
6 CDKN2Bc Loss Cell cycle regulation [55, 69, 78], 

[79]a

7 SETD2 Loss, fusion Regulation of chromatin [69, 75–77]
8 FGFR3 Loss Cell shape, cell growth, cell adhesion [76]
9 PBRM1 Loss, fusion Regulation of chromatin, DNA replication [69, 75, 77]
10 HUWE1 Loss Ubiquitination [76]
11 GRM8 Loss Transcription regulation [76]
12 PTEN Loss, fusion Phosphatase activity [69, 74]
13 TP53 Loss Cell division, DNA repair pathway, 

senescence, apoptosis
[55, 69, 74, 76]

14 LATS1 Loss Cell cycle regulation [69, 74]
15 STK11 Fusion Protein tyrosine kinase [69, 74], [75]b

16 CDH5 Loss Cell adhesion, cytoskeleton organization [74]
17 ERRFI1 Loss Cell growth, cell stress, cell signaling [74]
18 SDHB Loss Citric acid cycle regulation, respiratory chain 

regulation
[74]

19 RAP1 Loss Signal transduction, cell adhesion, cell junction 
formation

[74]

20 RASSF1c Loss Cell cycle regulation, apoptosis, DNA repair 
pathway

[74]

21 DUSP7 Loss MAPK pathway [74]
22 PTPN13 Loss Apoptosis, cell growth, differentiation, mitotic 

cycle
[74, 77]

23 PTPRD Loss Cell growth, differentiation, mitotic cycle [74]
24 RB1 Loss Cell cycle regulation [74, 77]
25 ING1 Loss Cell growth arrest, apoptosis [74]
26 SPRY2 Loss Protein translocation [74]
27 CDKN3 Loss Cell cycle regulation [74]
28 SMARCB1 Loss Regulator of chromatin [74, 75, 77]
29 CHEK2 Loss DNA repair pathway, cell cycle arrest, 

apoptosis
[74, 75, 77]

30 DMC1 Loss Meiotic homologous recombination [74]
31 RICTOR Gain Cell growth, cell proliferation [74]
32 TRIO Gain Actin remodeling, cell migration, cell growth [74]
33 RHEB Gain Cell cycle regulation, cell growth [74]
34 DPP10 Chrom break Potassium channels regulation [80]
35 EPHA6 Chrom break Transferase activity [80]
36 EYS/PRIM2 Chrom break Integrity of photoreceptor cells [80]
37 NRG3 Chrom break Neuroblast proliferation, migration, and 

differentiation
[80]

(continued)
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Table 4.2 (continued)

# Gene Aberration Function Reference
38 NOS2A Chrom break Oxidoreductase activity, neurotransmission, 

antimicrobial activity
[80]

39 RAB11FIP4 Chrom break Regulation of endocytic traffic [80]
40 CA10 Chrom break Brain development [80]
41 MAP2K6/

CA10
Chrom break Activating protein kinase [80]

42 ARSG Chrom break Hormone biosynthesis, modulation of cell 
signaling, degradation of macromolecules

[80]

43 CCDC123 
(CEP89)

Chrom break Organelle biogenesis and maintenance, cell 
cycle progression

[80]

44 CHODL Chrom break Neurogenesis, motor axon growth, and 
guidance

[80]

45 DLG2 Chrom break Regulation of synaptic stability [80]
46 GRK5/

KCNJ12
Chrom break Apoptosis, cell proliferation, cell cycle 

regulation/controlling the resting membrane 
potential

[80]

47 CCDC46 
(CEP112)

Chrom break Cell division, centrosome [80]

48 TANC2 Chrom break Morphogenesis of the optic cup [80]
49 TERT Gain Telomerase maintenance [77, 81]
50 CUL1 Loss Ubiquitination, protein degradation [55]
51 NOSIP Fusion Ubiquitination [69]
52 LIFR Fusion Cell differentiation, cell proliferation, cell 

survival
[69, 77]

53 CLTC Fusion Intracellular trafficking [69, 77]
54 RRBP1 Fusion Protein transport, translocation, transport [69]
55 DTD1 Fusion DNA replication [69]
56 RPTOR Gain Cell growth [69]
57 BRD4 Gain Regulation of chromatin, DNA repair pathway, 

DNA replication
[69]

58 TNFRSF14 Gain Host-virus interaction [75]
59 DVL1 Gain Developmental protein, cell proliferation [75]
60 ACSL6 Gain Fatty acid metabolism [75]
61 RECQL4 Gain Chromosome segregation, DNA repair [75, 77]
62 MYC Gain Cell cycle progression, apoptosis, cellular 

transformation
[75]

63 KDM5A Gain Regulation of chromatin [75]
64 HOXC11 Gain Morphogenesis, cell growth [75]
65 HOXC13 Gain Morphogenesis, cell growth [75]
66 TRIM33 Loss Transcription regulation, ubiquitination [75, 77]
67 UBE4B Loss Ubiquitination [75]
68 MLL3 

(KMT2C)
Loss Methylation, transcription regulation [75]

69 WRN Loss DNA repair, replication, transcription, telomere 
maintenance

[75]

70 BMPR1A Loss Cell differentiation [75]
71 SUFU Loss Developmental protein, cell proliferation [75]
72 PTPN11 Loss Cell growth, differentiation, mitotic cycle [75]
73 CASC5 

(KNL1)
Loss Chromosome segregation, spindle elongation [75]

74 RABEP1 Loss Endocytosis, protein transport, apoptosis [75]
75 SUZ12 Loss Chromatin regulation, methylation [75]
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Table 4.2 (continued)

(continued)

# Gene Aberration Function Reference
76 ASXL1 Loss Chromatin regulation, transcription [75]
77 PDGFB Loss Embryonic development, cell proliferation, cell 

migration, cell survival, chemotaxis
[75, 77]

78 MKL1 Loss Smooth muscle cell differentiation [75, 77]
79 EP300 Loss Chromatin regulation, cell growth, cell 

division, cell differentiation
[75, 77]

80 PATZ1 Loss Chromatin regulation [75, 77]
81 MYH9 Loss Cytokinesis, cell shape, cytoskeleton 

reorganization
[56, 75, 77]

82 CLTCL1 Loss Chromatin modeling, transcription regulation [75, 77]
83 BCR Loss Chemical signaling, migration [75, 77]
84 RAF1 Gain Cell proliferation, cell differentiation, 

apoptosis, survival
[75]b

85 KIT Gain Cell growth, cell division, cell survival, cell 
migration

[75]b

86 CCND3 Gain Cell cycle regulation [75]b

87 TFEB Gain Transcription regulation [75]b

88 ELN Gain Extracellular matrix structural constituent [75]b

89 HIP1 Gain Structural constituent of cytoskeleton [75]b

90 RUNX1T1 Gain DNA-binding transcription factor activity [75]b

91 NOTCH1 Gain DNA-binding transcription factor activity [75]b

92 RALGDS Gain GTPase regulator activity [75]b

93 FGFR2 Gain Cell shape, cell growth [75]b

95 CCDN1 Gain Cell cycle regulation [75]b

96 KRAS Gain Cell proliferation, cell differentiation, 
apoptosis, survival

[75]b

97 FUS Gain Regulation of gene expression [75]b

98 HERPUD1 Gain Protein processing in endoplasmic reticulum, 
unfolded protein response

[75]b

99 BRCA1 Gain DNA repair pathway (HRR) [75]b

100 RARA Gain Regulation of development, differentiation, 
apoptosis, transcription

[75]b

101 CANT1 Gain Pyrimidine metabolism [75]b

102 ELL Gain Transcription [75]b

103 AKT2 Gain Metabolism, cell proliferation, cell survival, 
cell growth, angiogenesis

[75]b

104 APOBEC3B Loss Deoxycytidine deaminase activity [77]
105 MN1 Loss Transcription regulator [77]
106 EWSR1 Loss Gene expression, cell signaling, RNA 

processing, and transport
[77]

107 MAPK1 Loss Cell proliferation, differentiation, transcription 
regulation, development

[77]

108 SEPT5 Loss Cell division, cytoskeletal organization [77]
109 LZTR1 Loss Transcriptional regulator [77]
110 NCKIPSD Loss Signal transduction, stress fiber formation [77]
111 SDHA Gain Complex of the mitochondrial respiratory 

chain
[77]

112 DROSHA Gain miRNA synthesis [77]
113 ILR7 Gain VDJ recombination (lymphocyte) [77]
114 FCGR2B Gain Phagocytosis, regulation of antibody 

production
[77]
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Table 4.2 (continued)

# Gene Aberration Function Reference
115 CDC73 Gain Cell division, cell cycle [77]
116 PTPRC Gain Cell growth, differentiation, mitosis [77]
117 MDM4 Gain p53 regulator [77]
118 ELK4 Gain Chromatin regulation, transcription [77]
119 SLC45A3 Gain Transmembrane transport [77]
120 HLF Gain Transcription regulation [77]
121 MSI2 Gain Transcription regulation [77]
122 RNF43 Gain Ubiquitination [77]
123 PPM1D Gain Cell stress response [77]
124 BRIP1 Gain DNA repair pathway (HRR) [77]
125 CD79B Gain Transmembrane signaling receptor activity [77]
126 DDX5 Gain Coregulator of transcription, regulator of 

splicing, processing of small noncoding RNAs
[77]

127 AXIN2 Gain DNA repair pathway (MMR), cell 
proliferation, cell death, ubiquitination

[77]

128 PRKAR1A Gain Ubiquitination [77]
129 ROS1 Loss Cell growth, differentiation [77]
130 CACNA1D Loss Muscle contraction, hormone, or 

neurotransmitter release
[77]

131 FLT3 Loss Hematopoiesis [75, 77]
132 FOXO1 Loss Myogenic growth, differentiation [77]
133 EPS15 Loss Cell growth [77]
134 WHSC1 Loss Transcriptional regulation, developmental 

transcription factors
[77]

135 RAP1GDS1 Loss Proton-transporting ATPase activity [77]
136 FBXW7 Loss Cell cycle regulation, ubiquitination [77]
137 FAT1 Loss Cell proliferation [77]
138 NFIB Loss Transcriptional activator [77]
139 MLLT3 Loss Chromatin regulation, transcription [77]
140 BRCA2 Loss DNA repair pathway (HRR) [77]
141 LHFP Loss Transmembrane protein [77]
142 LCP1 Loss Actin-binding protein [77]
143 PMS2 Gain DNA repair pathway (MMR) [77]
144 EIF4A2 Gain Translation regulation [77]
145 HNRNPA2B1 Gain mRNA metabolism and transport [77]
146 EGFR Gain Cell growth [75, 77]
147 METc Gain Cell survival, cell migration, embryogenesis, 

invasion
[77]

148 RAD21 Gain DNA double-strand breaks pathway [77]
149 KLF6 Gain Transcriptional activator [75]b, [77]
150 NAB2 Gain Transcriptional regulator [77]
151 MLLT6 Gain Histone-binding protein [77]
152 CIC Gain Transcriptional regulator [77]
153 FAM131B Gain Cell proliferation, differentiation [77]
154 PLAG1 Gain Transcriptional activator [77]
155 CHCHD7 Gain Metabolism of proteins, mitochondrial protein 

import
[77]

156 NUTM2B Gain Intracellular protein [77]
157 NUTM2A Gain Intracellular protein [77]
158 ETNK1 Gain Transferase activity [77]
159 DICER1 Gain Metabolism of RNA [77]
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Table 4.2 (continued)

(continued)

# Gene Aberration Function Reference
160 ZNF521 Gain Protein domain-specific binding [77]
161 ABL1 Gain Cell differentiation, cell division, cell adhesion, 

stress response
[79]a

162 COL1A1 Gain Member of group I collagen [79]a

163 PITCH1 Loss Embryonic development [78]

HRR homologous recombination repair, MMR mismatch repair
Genes underscored and in bold also harbor PTVs
aGene that can also be lost by epigenetic mechanisms
bTumor type not specified
cPeritoneal mesothelioma

Table 4.3 Mesothelioma genome: genes harboring somatic point mutations or small indels

# Gene Function Reference
1 BAP1 Deubiquitinating enzyme, cell proliferation, DNA repair 

pathway (HRR)
[9, 55–57, 59, 68, 69, 74, 76, 78, 
81–85], [79]a

2 NF2 Cell shape, cell growth, cell adhesion [55, 56, 68, 69, 74, 76, 81, 84], 
[78]d, [58]c

3 TP53 Cell division, DNA repair pathway, senescence, apoptosis [55, 56, 68, 69, 76, 81, 84, 85], 
[79]a, [58]c

4 LATS2 Mitosis, cytoskeleton damage response [76, 84]
5 TERTb Telomerase maintenance, senescence [81]
6 RIF1 DNA repair pathway, regulation of chromatin, regulation 

of replication timing
[76]

7 CUL1 Ubiquitination, protein degradation [55]
8 RDX Cytoskeleton [55]
9 TAOK1 Transferase activity [55]
10 PIK3C2B Cell proliferation, cell survival, cell migration, and 

intracellular protein trafficking
[55]

11 EGFR Cell proliferation, apoptosis, angiogenesis, cell migration, 
cell adhesion, invasion

[68], [79]a

12 LATS1 Cell cycle regulation [55, 84]
13 SMARCB1 Regulator of chromatin [68, 74]
14 CDKN2Ae Cell cycle regulation [69, 78, 81, 84], [58]c

15 CDKN2Be Cell cycle regulation [78, 81, 84]
16 PIK3C2A Cell proliferation, cell survival, cell migration, and 

intracellular protein trafficking
[68]

17 PDGFRA Growth factors receptor [68]
18 HRAS Cell transduction, cell growth, cell division [68]
19 KIT Cell growth, cell division, cell survival, cell migration [68]
20 KDR Transferase activity [68]
21 STK11 Protein tyrosine kinase [68, 78]
22 METe Cell survival, cell migration, embryogenesis, invasion [68]
23 FBXW7 Cell cycle regulation, ubiquitination [68]
24 SMAD4 Cell proliferation [68]
25 ERBB4 Cell growth [68]
26 CSF1R Cytokine involved in production, differentiation, and 

function of macrophages
[68]

27 APCe Cell division, cell adhesion, cell polarization [68]
28 RET Cell proliferation [68]
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Table 4.3 (continued)

# Gene Function Reference
29 FGFR3 Cell shape, cell growth, cell adhesion [68, 76]
30 TRAF7 Ubiquitin-protein transferase activity [78]
31 DDX3X ATP-dependent RNA helicase activity [78]
32 RYR2 Calcium regulation [78]
33 CFAP45 Cell migration [78]
34 SETDB1 Methyltransferase activity [69], [58]c

35 SETD5 Methyltransferase activity [69]
36 ULK2 Axonal elongation [69]
37 DDX51 Nucleic acid binding and hydrolase activity [69]
38 SETD2 Regulation of chromatin [69], [78]d, [57]c

39 APOBEC2 Cytidine deaminase, RNA editing [56]
40 MYH9 Cytokinesis, cell shape, cytoskeleton reorganization [56]
41 PTPRT Signal transduction, cellular adhesion [56]
42 RNF43 Ubiquitination [56]
43 SCRN2 Dipeptidase activity [56]
44 CENPE Chromosome movement, spindle elongation [56]
45 RHOA Signal transduction pathway, cell adhesion [56]
46 SAV1 Protein degradation, transcription, RNA splicing [84], [58]c

47 RASSF1e Cell cycle regulation, apoptosis, DNA repair pathway [84]
48 STK3 

(MST2)
Apoptosis [84]

49 MST1 Ciliary motility (lung cells), cell signaling [84]
50 HUWE1 Ubiquitination [76]
51 NF1 MAPK pathway [79]a

52 PREX2 GTPase activator [79]a

53 KDM5C Chromatin remodeling [79]a

54 KDM6A Demethylation [78]c

55 ASXL1 Chromatin regulation, transcription [78]c

56 BRIP1 DNA repair pathway (HRR) [78]c

57 SMPD4 Response to DNA damage, cellular stress, and tumor 
necrosis factor

[58]c

58 ARPC1A Actin filament binding [58]c

59 PLA2G5 Inflammatory response [58]c

60 INTS4 Transcription [58]c

61 PIBF1 Steroid hormone progesterone [58]c

62 ATP1B2 Electrochemical gradient establishing and maintaining [58]c

63 PMSD3 Embryonic development, growth control, homeostasis [58]c

64 TTYH Ion transport [58]c

65 LACE1 Mitochondrial protein homeostasis [58]c

66 ORM1 Acute inflammation [58]c

67 RHBDF1 Cell survival, cell proliferation, cell migration [58]c

68 KCNJ2 Potassium channel [58]c

69 P2RY12 Platelet aggregation, blood coagulation [58]c

70 ANKRD65 Intracellular protein [58]c

71 OIT3 Liver development and function [58]c

72 EED Histone methyltransferase activity, cellular senescence, 
embryonic development

[58]c

73 FOXM1 Transcriptional activator, cell proliferation [58]c

74 ICAM2 Intercellular adhesion molecule [58]c

75 KNCJ2 Chondrocyte differentiation [58]c

A. Aspesi et al.



55

MPM and show that MPM genomes include a 
large number of chromosomal abnormalities, such 
as CNVs and chromosomal translocations often 
leading to gene fusion, but a relatively low number 
of protein altering mutations compared with most 
tumors [60]. These alterations involve mostly 
tumor suppressor genes. A great inter-individual 
heterogeneity is also typical.

A recent study on CNVs in MPM was per-
formed by Hylebos et al. [77]. They used infor-
mation obtained using CGH arrays on 85 MPM 
patients and stored within The Cancer Genome 
Atlas (TCGA). Data were validated on a panel of 
21 patients using low-pass whole genome 
sequencing. Both datasets showed losses on 
chromosomes 1, 3, 4, 6, 9, 13, and 22 in 25% of 
tumors. These losses included CDKN2A, NF2, 
BAP1, EP300, SETD2, and PBRM1. Copy num-
ber gains were less represented compared to 
losses. They were located on chromosomes 1, 5, 
7, and 17 and occurred in 15% of tumors. Genes 
affected by these gains were TERT, FCGR2B, 
CD79B, and PRKAR1A. In conclusion, recurrent 
CNVs were detected in both datasets, occurring 
in regions harboring known MPM-associated 
genes and genes not previously linked to MPM.

The first studies addressing the MPM muta-
tional landscape were reported by Lo Iacono et al. 
and Guo et al., independently in 2015, using dif-
ferent NGS approaches [55, 68]. A limit of both 

studies is that they included patients who had been 
subjected to chemotherapy; thus, it is possible that 
a portion of the mutations was due to the muta-
genic effect of the drugs [60]. Lo Iacono et  al. 
investigated 52 cancer genes in FFPE (formalin-
fixed, paraffin-embedded) tumor samples of 123 
MPM patients [68]. Mutated genes included TP53, 
SMARCB1, BAP1, PDGFRA, KIT, KDR, HRAS, 
PIK3CA, STK11, and NF2. The most represented 
pathways were the p53/DNA repair and the phos-
phatidylinositol 3-kinase-AKT.  Guo et  al. per-
formed whole exome sequencing in fresh tumor 
samples from 22 patients [55]. These samples 
showed frequent genetic alterations in BAP1, NF2, 
CDKN2A, and CUL1. The MAPK and the Wnt 
signaling pathway frequently carried alterations.

Bueno et  al. reported data on 216 MPM 
genomes, 99 of which were studied by whole 
exome and 103 by panel sequencing (344 genes) 
[69]. These data were paralleled by RNAseq, an 
approach that investigates all the RNA species 
transcribed and allows to validate the functional 
effect of genetic anomalies. They identified the 
following genes that are often mutated or lost in 
MPM: BAP1, NF2, TP53, SETD2, DDX3X, 
ULK2, RYR2, CFAP45, SETDB1, DDX51, 
TRAF7, and SF3B1. The pathways that were 
more frequently affected were Hippo, mTOR, 
histone methylation, RNA helicase, and p53 sig-
naling [69].

Table 4.3 (continued)

# Gene Function Reference
76 ZNF521 Protein domain-specific binding [58]c

77 NLRP9 Innate immune response [58]c

78 PLXNB2 Axon guidance, cell migration [58]c

79 MSH5 DNA repair pathway (MMR) [58]c

80 EPBH2 Developmental processes in the nervous system [59]c

81 GTPBP3 Mitochondrial tRNA modification [59]c

82 STYK1 Transferase activity [59]c

83 TMEM18 Transmembrane protein [59]c

HRR homologous recombination repair, MMR mismatch repair
Genes underscored and in bold also harbor CNVs
aTumor type not specified
bBoth in peritoneal and pleural mesothelioma
cPeritoneal mesothelioma
dGOF (gain of function)
eGene that can also be lost by epigenetic mechanisms
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De Rienzo et  al. performed whole genome 
sequencing of 10 MPM patients [56]. The identi-
fied mutations and copy number aberrations were 
validated by targeted resequencing of 9 genes in 
147 additional samples (BAP1, NF2, TP53, 
MYH9, MYH6, MYH10, PIK3C2A, RHOA, 
TNFRSF1A). A further 136 patients were ana-
lyzed for TP53, BAP1, NF2, and CDKN2A, 
which were the most frequently mutated genes. 
TP53 variants were more often found in women. 
Interestingly, three patients showed germline 
PTVs (protein-truncating variants) in BAP1 [56].

Exome NGS was also performed on cells from 
pleural effusions from 27 patients with 
MPM.  Mutations in BAP1, CDKN2A, and NF2 
and loss of TRAF7, LATS2, SETD2, and TP53 
were identified [76], suggesting that analysis of 
pleural effusions might be used to monitor the 
MPM molecular evolution.

Looking at 61 primary mesothelioma cultures, 
Tranchant et al. identified a subgroup of tumors 
harboring both LATS2 and NF2 mutations [84]. 
Co-occurring mutations in these genes were 
associated with a poor prognosis. These cell lines 
showed abnormalities both in the Hippo  signaling 
pathway and mTOR protein expression suggest-
ing specific therapeutic strategies.

FFPE portions from 11 patients (7 MPM and 4 
PM) were studied by Ugurluer et al. using a NGS 
panel including 236 cancer genes [78]. In MPM 
samples the mutations most commonly found 
were in BAP1, CDKN2A/B, and NF2. Other 
PTVs were found in PTCH1, SETD2, STK11, 
KDM6A, ASXL1, and BRIP1.

Two PM reported by Ugurluer et al. showed 
mutations in BAP1 or NF2, whereas the other two 
did not show PTVs. The whole genome of two 
PM was reported by Sheffield et al. in 2015 [58]. 
The two patients reported different histology and 
different response to chemotherapy. The first had 
an epithelioid histology, a high disease burden, 
and did not respond to chemotherapy, whereas 
the second showed minimal clinical symptoms; 
histology was poor-prognosis sarcomatoid MM 
but responded well to treatment. The two tumors 
shared PTVs in NF2 but were elsewhere very dif-
ferent. The first had only 18 variants, whereas the 
second had more than 260 variants in each of the 

2 samples that were studied, corresponding to a 
status called somatic hypermutation. Another 
study focused on 12 patients with PM [59]. They 
used copy number analysis and exome sequenc-
ing and targeted sequencing and found a low 
number of CNVs (mostly losses) and SNVs. The 
gene that was more frequently affected was 
BAP1, whereas NF2 and CDKN2A were not 
affected. One of the patients carried a nonsense 
germline variant paired to gene loss in the tumor; 
thus, he had BAP1-TPDS.

Overall, PM seems to have a mutation rate 
lower than MPM, but driver mutations in PM 
seem to affect the same genes that are often 
involved in MPM.

A limit of these studies is that they do not gen-
erally consider the hypothesis of intra-tumor het-
erogeneity, which may be an important issue in 
mesothelioma considering that there are hints of 
a polyclonal origin of carcinogenesis [86]. The 
paper by Zhang et al. focused on testicular MM is 
a good example of intra-tumor heterogeneity and 
rapid molecular evolution [87]. They performed 
whole genome sequencing using DNA obtained 
from FFPE samples of four successive tumors 
from a single patient. The first sample was 
obtained from the primary tumor, whereas the 
other samples were from a local recurrent tumor, 
an inguinal lymph node metastasis and a recur-
rent tumor from the same localization. This study 
evaluated the tumor progression looking at 
molecular events. The signature of molecular 
lesions and also the mutated genes were different 
from those reported for MPM.  Other patients 
should be studied to evaluate whether this testic-
ular MM is different from the other MM [87].

Tumor exome sequencing may give important 
information about carcinogenesis in individuals 
who develop multiple independent tumors. This 
approach was followed in the case of a 73-year- 
old male who developed two independent lung 
cancers (adenocarcinoma and squamous cell car-
cinoma) and a malignant PM with an epithelioid 
histology. The patient was a heavy smoker and 
did not report asbestos exposure. The somatic 
mutational signatures of the two lung tumors 
were in agreement with the smoking carcinogen 
effect, and the mutated genes corresponded to 
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those reported for the tumor types. Conversely, 
the PM showed a very low number of somatic 
events, including one PTV in BAP1 and one in 
SETD2. Several low-risk variants in DNA repair 
genes could account for the PM predisposition in 
this patient.

The mutation types prevalent in the tumor 
genome may be identified in large studies [69]. In 
particular, Bueno et  al. analyzed the mesotheli-
oma exome for transitions (C  >  T, T  >  C) and 
transversions (C > A, C > G, T > A, T > G), tak-
ing into account the flanking base immediately 5′ 
and 3′ of the somatic base (so-called triplets). 
They identified five distinct signatures (S1, S2, 
S4, S5, and S6) that are operative in MPMs, two 
of them being the most represented (S1 and S2). 
The patterns of contribution of these signatures 
were different between MPM and lung cancers, 
in agreement with epidemiological studies that 
revealed that MPM is not related to smoking like 
lung cancer. For example, signature S3, charac-
terized by C > A transversions, caused by bulky 
adducts, is not shown by MPM but is typical of 
cigarette smoking, an exposure that is not epide-
miologically associated with MPM.

The S1 signature is characterized by no pre-
dominant transition or transversion and is consid-
ered indicative of a base-agnostic mutagen such 
as reactive oxygen species (ROS) [88, 89]. The 
S2 signature is represented by C > T transitions at 
NpCpG trinucleotides and is attributed to an 
endogenous mechanism, the deamination of 
5-methylcytosine to thymine in CpG dinucleo-
tides. The S4 signature is characterized by C > T 
transitions and is typical of repair errors at 
UV-induced pyrimidine dimer sites observed in 
melanoma. Signature S5 shows C > T transitions 
or C  >  G transversions at TpCpN nucleotides, 
considered as indicative of the function of 
APOBEC enzymes responsible for cytidine 
deamination and frequently activated in cancer 
[88, 89].

In conclusion, the study of Bueno et al. identi-
fied a mutational pattern concordant with the 
effect of asbestos exposure (i.e., S1 signature) 
[69]. The authors did not observe a significant dif-
ference of this signature in samples with (n = 69) 
or without (17) asbestos exposure, but this may 

depend on the fact that asbestos fiber quantifica-
tion in the lung was available only for 64/217 
patients, whereas asbestos exposure of the other 
patients was reported, but not quantified.

Overall it is expected that asbestos causes 
DNA damage in two ways, first by inducing 
chromosomal breaks by interfering with spindle 
fibers during cell division and second by induc-
ing inflammation and ROS production. The first 
mechanism may explain some of the chromo-
somal rearrangements whereas the second some 
of the point mutations.

4.4  Translation to the Clinics: 
Druggable Targets

The identification of driver mutations in mesothe-
lioma is expected to pave the way to precision 
oncology. In general, this task may be particularly 
difficult in MPM, considering the wide inter-indi-
vidual and possibly intra-tumor heterogeneity. 
Moreover, MPM driver mutations in protein-cod-
ing genes are rarer than in other tumors [72]. On 
the other hand, it is important to note that all these 
studies reported a frequent involvement of BAP1, 
NF2, CDKN2A, and SETD2.

A thorough evaluation of possible transla-
tional steps is beyond the scope of this review, 
and we refer to other chapters of this book and 
specific literature [90, 91]. We only mention that 
PARP or EZH2 inhibitor drugs have been consid-
ered for tumors characterized by BAP1 loss, 
CDK4/6 or PRMT5 inhibitors for tumors with 
CDKN2A mutations, FAK inhibitors for tumors 
with NF2 mutations, and PI3K-AKT inhibitors 
for tumors with PI3K-AKT abnormalities [90]. 
More in detail, a phase II clinical trial in 
 BAP1- deficient patients with the EZH2 inhibitor, 
tazemetostat, was recently opened to accrual 
(NCTO02860286); a phase II clinical trial to 
evaluate the CDK4/6 inhibitor, ribociclib, in solid 
tumors carrying relevant CDK4/6, cyclinD1/3, or 
p16INK4A aberrations, including MPMs, has been 
designed (NCT02187783); while after a random-
ized switch maintenance, clinical trial 
(NCT01870609) with the FAK inhibitor defac-
tinib (VS-6063) versus placebo was discontinued 
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in late 2015, in 2016 a new single-center clinical 
trial tested defactinib before surgery for MPM 
(NCT02004028); at last, the modest response 
obtained in a phase I study of apitolisib (GDC- 
0980), dual phosphatidylinositol-3-kinase, and 
mammalian target of rapamycin kinase inhibitor 
(NCT00854152) indicated that combination regi-
mens must be explored.

Conversely, predisposing factors may also give 
some therapeutic opportunities to the patients that 
carry them. Patients with ovarian cancer and 
germline variants in BRCA1 or BRCA2 respond to 
PARP1 inhibitors drugs, through a mechanism 
called synthetic lethality [92, 93]. This mecha-
nism is induced when two (or more) variants are 
not lethal singularly but are lethal when both are 
present in a cell [94]. PARP1 is a nuclear enzyme 
that functions in three DNA repair systems, i.e., 
SSBs (single-strand breaks), BER (base excision 
repair), and alt-NHEJ (alternative nonhomolo-
gous end joining) [95]. PARP1 binds to SSBs and 
causes the formation of polymers of ADP-ribose 
(PAR) on its target proteins (this phenomenon is 
called PARylation). PARs are required for the 
recruitment of SSBs repair scaffolding proteins. 
PARP1 auto-PARylation is followed by its release 
from DNA and inactivation [94]. PARP1inhibitors 
traps PARP1 to the site of DNA damage and inter-
fere with the progression of the replication fork 
causing the accumulation of SSBs that evolve to 
DSBs (double-strand breaks), following replica-
tion fork collapse. Both HRR and NHEJ (nonho-
mologous end joining) are used to repair DSBs 
and restart replication forks stalled by PARP1 
inhibitors. When HRR is deficient, because of 
loss of BRCA1 or BRCA2, the damage cannot be 
repaired by alt-NHEJ, because this system 
requires PARP1. If these systems are not func-
tional, cells can only use classical NHEJ, which 
causes chromosomal anomalies, genomic insta-
bility, and cell death [96].

PARP1 inhibitors could inhibit growth of cells 
that have lost both BAP1 alleles either because of 
a germline and a somatic variant or because of 
two somatic variants. Tumor cells in patients with 
a germline variant in BAP1 have a very high like-
lihood of a second somatic variant on the wild- 
type allele. Thus, theoretically, in patients with a 

germline variant in BAP1 MPM, tumor tissue 
could have a more homogeneous BAP1 loss than 
in sporadic patients and may better respond to 
this treatment. Patients with germline mutations 
in other HRR genes may also show such 
behavior.

4.5  Tumor Epigenetics

The mechanisms underlying tumor initiation and 
progression involve also epigenome aberrations 
that share an intricate relationship with genetic 
instability in the tumor evolution process.

Epigenetic includes three main regulatory 
mechanisms: histone modifications, DNA meth-
ylation, and microRNA (miRNA)-mediated gene 
regulation.

Histones are members of a highly conserved 
family of proteins that associate with DNA to 
organize chromatin in the nucleus. Several post-
translational modifications may occur at 
N-terminal histone tails, including the addition or 
removal of methyl and acetyl residues. Histone 
modification is associated with the transcriptional 
regulation of genes, promoting the transition 
between open and close chromatin conformation.

DNA methylation consists in the addition of a 
methyl residue (–CH3) to the cytosine residues 
within the dinucleotide CpG. DNA methylation 
mainly occurs at the carbon-5 position of the 
cytosine ring [97], even though a small fraction 
(~2%) may occur at cytosines in any context of 
the genome, or also in a non-CpG context in 
embryonic stem cells [98]. CpGs DNA methyla-
tion may occur in gene promoters, where a high 
concentration of CpGs dinucleotides can be seen 
in the so-called CpG islands. Promoter DNA 
methylation is a well-known mechanism to 
repress gene transcription, leading to gene silenc-
ing through inhibition of transcription factor 
binding to DNA [99]. Deregulation of the DNA 
methylation levels may result in cell transforma-
tion. Diffuse genome-wide hypomethylation is 
frequently seen in cancer cells, together with site- 
specific hypermethylation [100, 101].

miRNAs are a class of small noncoding RNAs 
involved in gene silencing through a posttran-
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scriptional mechanism that requires miRNA 
binding to 3′-UTR regions of mRNAs and leads 
to translation inhibition or mRNA degradation 
[102]. Dysregulation of miRNAs has been asso-
ciated to cancer development [103–105], and 
they have been proposed as tools for cancer diag-
nosis, classification, prognosis, and treatment 
[106–109].

Epigenetic alterations may be critical determi-
nants of malignant transformation of pleural 
mesothelial cells following asbestos exposure. 
The relationship between DNA methylation 
modifications and in vitro asbestos exposure in 
MeT5A mesothelial cell lines was recently 
described [110]. The authors report slight DNA 
methylation in MeT5A cells after both crocido-
lite and chrysotile treatments, mainly in genes 
involved in the regulation of cellular matrix and 
adhesion, which are mechanisms for mesothelial 
infiltration and injury, facilitating epithelial-to- 
mesenchymal transition (EMT) in MPM.  This 
finding may suggest an involvement of methyla-
tion changes as potential modulators of asbestos- 
induced pleural injury.

Evidence of relationship between asbestos 
burden and promoter methylation of selected 
tumor suppressor genes (APC, CCND2, CDKN2A, 
CDKN2B, HPPBP1, and RASSF1) was also 
reported in lung tissue from MPM patients. 
Moreover, the increase in methylation of these 
genes correlates with asbestos body counts [111]. 
Inactivation of CDKN2A by methylation was also 
reported by Kobayashi et al. [112].

The examination of over 6000 CpG islands in 
MPM and lung adenocarcinomas showed that 
387 genes (6.3%) and 544 genes (8.8%) were 
hypermethylated in MPM and adenocarcinoma, 
respectively, and that the two malignancies have 
characteristic DNA methylation patterns, likely a 
result of different pathologic processes [113]. 
Moreover, Goto et  al. suggest that KAZALD1, 
MAPK13, and TMEM30B genes, which were 
specifically methylated only in MPM, could 
serve as potential diagnostic markers.

In a larger study of 158 mesothelioma speci-
mens and 18 normal pleura samples, Christensen 
et al. reported that the DNA methylation profile 
of 803 cancer-associated genes was able to dis-

criminate normal pleura from mesothelioma and 
was a predictor of shorter survival [114].

Aberrant promoter methylation of WIF-1 and 
SFRP1, 2, 4 genes was found in MPM tissue and 
mesothelioma cell lines [115]. The analysis of 52 
MPM samples and 38 histologically non-tumor 
lung samples identified higher methylation levels 
of ESR1, SLC6A20, and SYK genes in MPM 
[116]. The combination of SLC6A20, SYK, and 
APC yielded a sensitivity of 92% and a specific-
ity of 73% as positive markers for MPM.  The 
inclusion of ESR1 methylation as a third positive 
marker increased sensitivity but reduced 
specificity.

Cheng et al. [117] reported downregulation of 
the ZIC1 gene via promoter methylation in 
MPM. This gene acts as a tumor suppressor, tar-
geting apoptosis-related miRNAs. In particular, 
miR-23a and miR-27a are expressed at higher 
levels in epithelioid MPM patients with shorter 
survival. These studies highlight that epigenetic 
silencing through promoter hypermethylation is a 
frequent event in MPM.

Other studies looked for miRNAs involved in 
MPM development. Guled et al. [118] identified 
a number of miRNAs that were differentially 
expressed between MPM tissue and normal 
pericardium.

With an in vitro study, Pass et al. reported that 
miR-29c-5p may be a tumor suppressor in MPM 
and thus a potential therapeutic target [119].

Several miRNA-targeted therapeutics have 
reached clinical testing. For example, miR-16 is 
involved in a phase I clinical trial, MesomiR 1. 
The trial is based on the work by Reid et al. who 
reported the downregulation of miR-15-16  in 
MPM tissue and cell lines associated with 
increased levels of the target oncogenes CCND1 
and Bcl-2 [120]. Restoring miRNA expression, 
cell growth is inhibited, and cells acquire sensi-
tivity to gemcitabine and pemetrexed. miR-16 is 
also a regulator of programmed death ligand 1 
(PD-L1) in MPM and may therefore contribute to 
immune system evasion [120].

In MPM, miR-34b/c and miR-126 are regu-
lated by methylation and oxidative stress [121, 
122]. Several studies showed that miR-34b/c is a 
regulator of C-MET and BCL-2 oncogenes, and 
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its downregulation promotes transformation of 
mesothelial cells [122–124]. In vivo studies 
showed that during oxidative stress, miR-126 
compromises mitochondrial function, induces 
autophagy by altering cell metabolism, and 
inhibits cell growth and tumor formation, show-
ing that increased autophagy has a protective role 
in MPM [121, 125].

The identification of miRNA target genes is of 
paramount importance for understanding how 
these small noncoding RNAs regulate MPM cell 
function. A recent approach [126] identified miR- 
21- 5p as a candidate regulator of MSLN (meso-
thelin). The increased expression of miR-21-5p 
reduced MSLN expression and inhibited MPM 
cell proliferation, uncovering a potential tumor 
suppressing miRNA in MPM.

A single miRNA can regulate many genes, 
and one gene may be targeted by many miRNAs. 
MCL-1 is overexpressed in MPM and is associ-
ated with the resistance to apoptosis and chemo-
therapy [127]. Khodayari et al. reported that the 
transfection of MPM cells with miR-302b 
reduced MCL-1 expression, decreasing cell and 
tumor growth and inducing apoptosis [128]. The 
same antitumor activity has been observed for 
miR-193a-3p, suggesting that miRNA replace-
ment therapy to target MCL-1 may provide an 
effective treatment for MPM [129].

4.6  Epigenetic as a Potential 
Diagnostic Biomarker

Epigenetic markers are considered potential bio-
markers for early diagnosis and prognosis in can-
cer research [130].

DNA methylation is rather stable but may 
change across time [131], and it can be modified 
by several factors during lifetime [132], such as 
lifestyle, environmental exposures, aging, and 
diseases [133, 134]. The DNA methylation asset 
of each individual is thus considered as an adap-
tive phenomenon potentially linking environ-
mental factors and development of disease 
phenotypes [135]. Aberrant DNA methylation is 
found as an early event in tumor development 
and has been suggested as a tool for early cancer 

detection and prognosis [136, 137], including 
MPM [138].

Whereas tumor tissue DNA methylation is 
widely investigated in MPM, only few studies 
addressed the relationship between DNA meth-
ylation in blood-derived specimens and MPM.

With a targeted study focused on free serum 
DNA of mesothelioma patients, Fischer et  al. 
[139] investigated the methylation status of the 
promoter region of nine candidate genes that 
were previously shown to be epigenetically 
altered in MPM tissue and cell lines. The authors 
reported hypermethylation in the promoter region 
of  FHIT  and  the gene encoding for E-cadherin  
and to a lower extent ACP1A, RASSF1A, and 
DARK genes. Intermediate values were observed 
for CDKN2A, APC1, ARF, and RARβ [139]. The 
same study reported a correlation of the methyla-
tion levels of DAPK, RASSF1A, and RARβ genes 
with overall survival, though the effect was only 
seen in combination.

A recent study [140] investigated for the first 
time the whole genome DNA methylation levels 
in peripheral blood cells to assess the potentiality 
of DNA methylation profiles in blood to discrim-
inate MPM cases from asbestos-exposed controls 
without MPM.  The authors report significant 
case/control differential DNA methylation (>800 
CpG sites) with consistent hypomethylation in 
MPM cases with respect to controls. Moreover, a 
small panel of seven differentially methylated 
CpGs was able to significantly increase discrimi-
nation between cases and controls (AUC = 0.81 
vs AUC = 0.89) when considering DNA methyla-
tion together with asbestos exposure vs asbestos 
exposure alone.

miRNAs have been also suggested as promis-
ing candidates for the development of noninva-
sive techniques for early cancer detection and as 
therapeutic targets [141, 142]. Specific miRNA 
profiles have been suggested as diagnostic/prog-
nostic biomarkers also for MPM [143–146]. 
Aberrant miRNA profiles have been already 
described in MPM tissue and biological fluids 
[145, 146]. Weber at al. [147], in a pilot study, 
identified miR-103a-3p in peripheral blood cells 
as a potential marker for the discrimination of 
mesothelioma patients from both asbestos- 
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exposed controls and general population. The use 
of miR-103a-3p improved the discrimination 
power of serum mesothelin, reaching a sensitiv-
ity of 95% and a specificity of 81% when the two 
biomarkers were combined [147].

More recently, Cavalleri et  al. further vali-
dated the suitability of miR-103a-3p as a MPM 
biomarker. A miR-103a-3p/miR-30e-3p signa-
ture of plasma-derived extracellular vesicles dis-
tinguished MPM patients from subjects reporting 
a past asbestos exposure with a sensitivity of 
95.5% and a specificity of 80.0% [148]. While 
miR-103a-3p is a potential biomarker, several 
other studies that investigated miRNA deregula-
tion in plasma/serum yielded heterogeneous and 
inconclusive results.

miR-200 family members have been sug-
gested as potential candidates for discriminating 
MPM from lung cancer [144, 145, 149, 150]. Gee 
et al. reported downregulated miRNAs as poten-
tial biomarkers to distinguish MPM and lung 
adenocarcinoma [149]. Also Benjamin et  al. 
identified a panel of three deregulated miRNAs 
(miR-193-3p, miR-200c, miR-192) reaching a 
sensitivity of 100% and a specificity of 94% to 
discriminate MPM from carcinoma of epithelial 
origin that may invade the pleura [145, 150]. 
High diagnostic accuracy was also reached by 
using a panel of four miRNAs (miR-126, miR- 
143, miR-145, and miR-652) that were signifi-
cantly downregulated in MPM compared with 
nonneoplastic pleura [151]. Santarelli et al. quan-
tified the levels of 88 miRNAs reported to be 
associated with cancer in 10 samples of MPM 
and 1 sample of healthy mesothelial tissue using 
a customized PCR Array [146]. The study identi-
fied three miRNAs (miR-335, miR-126, and 
miR-32), but only miR-126 replicated in 27 
FFPE MPM samples and 27 adjacent healthy 
pleural tissues. Limits of these studies were the 
small number of miRNA investigated and the dif-
ferent methods used to preserve samples (RNA 
later in discovery and FFPE in replication phase).

The downregulation of miR-126 is also a sig-
nificant prognostic factor associated with poor 
survival [152]. Andersen et al. showed an epigen-
etic downregulation of miR-126 and its host gene 
EGFL7. Silencing of EGFL7 is associated with a 

poor clinical outcome in epithelioid subtype 
[152]. Understanding DNA hypermethylation of 
EGFL7 and miR-126 may provide potential ave-
nue for therapeutic intervention.

The first study suggesting that miRNA can be 
used to predict survival outcomes identified miR- 
29c- 5p as an independent prognostic factor for 
time to disease progression [119]. Pass et al. iden-
tified a signature as a potential tool for predicting 
survival, based on the expression of let- 7c- 5p and 
miR-151a-5p in 52 MPM tumors [153].

4.7  Conclusions and Future 
Developments

The identification of driver mutations in MPM 
is a prerequisite for precision medicine, and the 
results are expected in the long run. The presence 
of germline predisposing mutations in tumor 
suppressor genes may be useful to identify the 
driver genes in cancers and address their specific 
therapy. miRNAs  are also attractive therapeu-
tic targets because of their powerful regulatory 
functions.

Additionally, different epigenetic profiles, 
which include miRNA and DNA methylation, in 
peripheral blood might be a useful tool to moni-
tor exposed subjects.
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5.1  Introduction

A state of chronic non-resolving inflammation is 
the hallmark of malignant pleural mesothelioma 
(MPM), a very aggressive neoplastic disease 
whose pathogenesis has been strongly associated 
with occupational exposure to airborne asbestos 
fibers and long-term tissue damage [1, 2].

Upon inhalation of asbestos in the lungs, 
macrophages are locally recruited and activated 
for phagocytosis in an attempt to clear the fibers 
away but are eventually unable to eliminate them, 
due to their nondegradable nature. Epithelial 
cells in the lungs and pleura and especially local 
and newly recruited immune cells participate in 
the inflammatory process triggered by asbes-
tos, through the production of several cytokines 
and reactive chemical species. This “frustrated 
phagocytosis” of asbestos fibers leads to a state 
of chronic non-resolving inflammation and to a 
fibrogenic response, both contributing—in the 

long run—to transformation of normal pleural 
cells into neoplastic cells [2–4].

In this context, cells of the local immunologi-
cal network, especially inflammatory cells of the 
innate immunity, play a major role in tumor onset 
and development by fueling a state of chronic 
inflammation.

Cancer-related inflammation is an established 
hallmark of cancer [5]. Epidemiological, genetic, 
and experimental evidence demonstrated that 
chronic inflammation can increase cancer risk 
and promotes tumor progression and metastatic 
spread [6, 7].

A number of studies have characterized the 
local infiltration of inflammatory leukocytes in 
human malignant mesothelioma and the expres-
sion of several reactive/inflammatory mediators 
[2–4, 8–10].

In most studies, however, conclusive results 
are hampered by the difficulty to have large 
cohorts of samples from this relatively rare 
tumor, especially considering that not all the 
patients undergo surgical resection and provide 
an adequate sample for immunohistochemical 
investigation.

Of the different histotypes of MPM, epitheli-
oid, sarcomatoid, and biphasic, much less infor-
mation is available on the latter two, due to their 
lower incidence.

In this chapter we present an organized char-
acterization of each immune cell subset that pop-
ulates the tumor microenvironment and of the 
major mediators of the inflammatory milieu.
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5.2  Immune Cells in the Tumor 
Microenvironment 
of Malignant Pleural 
Mesothelioma

The stroma of solid tumors is typically a disor-
ganized and heterogeneous mixture of different 
cell types, mostly fibroblasts and immune cells, 
and an aberrant matrix where new vessels have 
grown. The composition of the tumor micro-
environment (TME) is subject to individual 
changes among patients and specific histologi-
cal subtypes but also to dynamic modifications, 
for instance, after exposure to antitumor thera-

pies; moreover, it can evolve over time follow-
ing complex interactions between the tumor and 
the host [11, 12].

All pathological studies on tissues from MPM 
patients report a rich immune infiltrate predomi-
nantly composed of macrophages and T lympho-
cytes. Other immune cells such as B lymphocytes, 
regulatory T cells (Tregs), dendritic cells (DCs), 
myeloid-derived suppressor cells (MDSCs), and 
natural killer (NK), neutrophils, and mast cells 
have also been reported (Fig. 5.1).

NK cells, cytotoxic and helper T cells, and 
DCs may contribute to sustain a protective antitu-
mor immune response, while Tregs and myeloid 

•  Leukocyte-recruitment
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Lymphocytes
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   and metastasis
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Fig. 5.1 Human malignant pleural mesothelioma MPM 
tissues have a complex microenvironment highly infil-
trated by inflammatory cells. Mostly represented are 
tumor-associated macrophages (TAMs), specialized 
phagocytic cells of the innate immunity that engulf the 
nondegradable asbestos fibers in the lungs and produce 
several inflammatory mediators and support tumor cell 
survival. Among cells of the adaptive immunity are T lym-
phocytes, including cytotoxic effector CD8+ cells, with 
antitumor functions, and Tregs, which suppress antitumor 
responses. In MPM tumors, asbestos fibers (danger sig-
nal) trigger the activation of the inflammasome platform 

(e.g., NLRP3) with secretion of the inflammatory cyto-
kine IL-1β which activates the transcription factor NF-kB 
and initiates the inflammatory cascade. Released cyto-
kines and chemokines amplify the inflammatory reaction 
with enhanced leukocyte recruitment; production of 
growth factors that support neo-angiogenesis and tumor 
cell proliferation. Stromal cancer-associated fibroblasts 
(CAF) produce growth factors, matrix proteins (e.g., 
osteopontin, OPN) and TGFβ, which induce epithelial to 
mesenchymal transition (EMT) and mesothelial to fibro-
blastic transition (MFT)
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cells (macrophages and MDSCs) are usually 
associated with an immunosuppressive milieu 
that favors tumor progression.

5.2.1  Macrophages and Myeloid 
Suppressor Cells

Macrophages are specialized phagocytic cells 
of the innate immunity; they are present in all 
phases of the mesothelioma pathological process. 
Since the early exposure to airborne asbestos, the 
nondegradable fibers in the lungs and along pleu-
ral lining provide a “danger signal” that triggers 
the release of inflammatory cytokines and che-
mokines which stimulate the recruitment of new 
phagocytic leukocytes (neutrophils and mono-
cytes) [13, 14]. Neutrophils are relatively short- 
living cells and die in few days, but monocytes 
differentiate into long-lasting macrophages and 
become major producers of reactive oxygen and 
nitrogen species and of inflammatory cytokines. 
Thus, macrophages, in their attempt to clear the 
fibers away, are likely the most responsible for the 
chronic non-resolving inflammation that charac-
terizes the pleural premalignant sites [1, 3].

Once the tumor has established, the presence 
of tumor-associated macrophages (TAMs), like 
in other solid tumors, is regulated by the produc-
tion of monocyte attractants, such as the chemo-
kine CCL2, produced by cancer and stromal cells 
[15–17]. Tumor cells attract monocytes to their 
own advantage, as macrophages differentiated 
under the influence of tumor-secreted products 
acquire an immunosuppressive phenotype and 
tumor-promoting functions (e.g., production of 
growth factors for cancer cells and neo-vessels) 
[15]. Indeed, it is now established that TAM den-
sity in tumors is usually associated with tumor 
progression and poor patient prognosis [15, 18].

The inflammatory macrophages at premalig-
nant sites and the pro-tumoral TAMs in estab-
lished mesothelioma tissues display different 
phenotypes and functions. This “plasticity” is a 
hallmark of macrophages and is regulated by the 
different nature of the local stimuli encountered 
by differentiating monocytes. In a simplified 
scheme, their broad spectrum of activation has 

two polarized extremes: the M1 (or classically 
activated) macrophages and the M2 (or alterna-
tively activated). The former (M1) represents the 
immune-competent cells acting against bacterial 
infections and producing pro-inflammatory cyto-
kines, such as IL-1β, TNFα, and IL-12, promot-
ing protective Th1 responses. M2 macrophages, 
instead, suppress Th1 immunity and promote 
tumor proliferation and neo-angiogenesis. Thus, 
although it is now recognized that the full spectrum 
of TAM activation is more complex than previ-
ously perceived, there is a general consensus that 
macrophages in tumors acquire phenotype and 
functions typical of the M2-like polarization [15, 
19]. This notion is useful for the use of specific 
M2 markers in MPM tissue, possibly predicting 
their tumor-promoting and immunosuppressive 
functions. All the published studies investigat-
ing the presence of TAMs in MPM tissues with 
the pan-macrophage marker CD68, agree that 
both epithelial and non- epithelial MPM contain a 
large proportion of CD68+ TAMs, whose propor-
tion can reach up to 40–50% of all cells.

In a series of 52 surgical patients, Burt et al. 
found that high levels of CD68+ macrophages 
were associated with worst patient prognosis 
only in sarcomatoid MPM and not in tumors with 
epithelial features [20]. These TAMs expressed 
also typical M2-like markers such as CD163, 
CD206, and the IL-4 receptor α. Similar results 
were later reported by two groups who found that 
single immune cell counts for CD163+ cells did 
not correlate with clinical outcome, but the ratio 
of CD163+/CD68+ macrophages was a signifi-
cant prognostic marker for overall survival in epi-
thelioid mesothelioma patients [21, 22].

The interplay between MPM cells and mac-
rophages has a crucial role in shifting TAMs 
toward immunosuppressive and pro-tumorigenic 
cells [23]. This shift is promoted also by tumor- 
infiltrating lymphocytes (TILs) that produce IL-4, 
IL-13, and IL-10, typical stimuli inducing the 
M2 phenotype of myeloid cells [24, 25]. In vitro 
studies showed that macrophages co- cultured 
with MPM tumor cells or their pleural effusions 
acquire an M2-like phenotype [26] and release 
significant amounts of prostaglandins (e.g., 
PGE2) which have immunosuppressive effects 
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in the TME by stimulating the  development of 
Tregs [23, 27]. Indeed, the number of CD68+ 
macrophages was found to be correlated with the 
density of Tregs in patient tumors [28]. In a recent 
study the authors investigated the immunoscore 
of 302 MPM samples with a tissue microarray 
and correlated the density of each leukocyte 
population with patient survival. In line with the 
above findings, low numbers of macrophages 
(CD68+), Tregs (FOXP3+), and neutrophils 
(NP57+) were associated with longer survival 
in epithelioid MPM patients [29]. Neutrophils 
are less represented than macrophages in tumor 
tissues; nevertheless, their presence has been 
investigated in some studies. Besides the above-
mentioned report, Awad et  al. found an inverse 
correlation between neutrophil infiltration and T 
cell density [30].

In line with these findings, in murine tumor 
models of MPM, depletion of macrophages with 
zoledronic acid, prior to tumor cell injection, 
strongly reduced tumor take and growth [31].

Monocytes, the circulating precursors of 
TAMs, have been studied as prognostic marker 
in MPM patients. In a large series of 667 cases, 
higher preoperative monocyte counts negatively 
correlated with overall survival in both epitheli-
oid and sarcomatoid mesothelioma [20]. Another 
study reported that a decreased lymphocyte/
monocyte ratio (i.e., many monocytes) was asso-
ciated with poor survival [32]. Finally, a high 
neutrophil-to-lymphocyte ratio was also as inde-
pendent poor prognostic factors [33]. Overall, 
the high representation of macrophages within 
tumor tissues, or of myeloid circulating cells, 
constantly appears to be associated with faster 
tumor progression.

Other myeloid immune cells with suppres-
sive function are the so-called myeloid-derived 
suppressor cells (MDSCs), a phenotypically het-
erogeneous population related to monocytes and 
neutrophils [34, 35].

MDSCs inhibit the proliferation and func-
tional activity of CD4+ and CD8+ T cells by pro-
ducing arginase (ARG1), inducible nitric oxide 
synthase (iNOS), indoleamine 2,3-dioxygenase 1 
(IDO1), and PGE2. In cancer, MDSCs increase 
in response to tumor-derived factors, such as 

GM-CSF and prostaglandins, and by inhibit-
ing adaptive immunity they favor tumor growth 
and disease progression. In a murine mesothe-
lioma model, treatment with celecoxib, a COX-2 
inhibitor, reduced the production of PGE2 and 
the numbers of MDSCs, leading to improved 
antitumor response to dendritic cell-based immu-
notherapy [36].

In another study, the authors aimed to tar-
get bromodomain proteins BRD2, BRD4, and 
BRD9 which are highly expressed in the malig-
nant pleura. In a preclinical MPM model, bro-
modomain inhibitors not only reduced cancer 
cell proliferation but also induced immunogenic 
cell death and modified the composition of the 
TME.  The results indicated the antitumor effi-
cacy of Bromodomain inhibitors was largely due 
to a decrease of MDSC and an increase of CD8+ 
T lymphocytes [37].

5.2.2  Lymphocytes

T and B lymphocytes belong to the adaptive 
immune system. In the tumor context, tumor- 
infiltrating lymphocytes (TILs) play a pivotal 
role in antitumor responses. CD8+ T cells are 
able, upon recognition of a specific tumor- antigen 
on the Major Histocompatibility Complex, to 
directly kill tumor cells through the production 
of cytotoxic factors such as perforins and gran-
zymes. T helper CD4+ cells can activate antigen- 
presenting cells (APCs) and support the action 
of CD8+ T lymphocytes and natural killer (NK) 
cells by producing IFNγ, overall favoring the anti-
tumor immune response against cancer [38, 39].

The presence in tumors of CD8+ T lym-
phocytes is usually taken as a sign of antigen-
specific antitumor immune response. In many 
solid tumors, high levels of T cells, in particu-
lar of cytotoxic CD8+ T cells, confer a survival 
benefit [40–42]. Several studies have reported 
that MPM tissues harbor variable numbers of T 
lymphocytes. Already in 1982 it was recognized 
that lymphoid infiltration correlated with a sig-
nificantly longer patient survival, although at the 
time it was not possible to identify the different 
lymphoid subsets [43]. In more recent years, a 
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better characterization has been performed; there 
is an overall concordance that the presence at 
high density of CD8+ in MPM can be a marker 
of active antitumor responses, associated with 
improved survival [22, 44, 45].

CD4+ T lymphocytes also correlate with bet-
ter response to cisplatin-/pemetrexed-based che-
motherapy [46] and in a large series of epithelioid 
tumors, with better prognosis when considered 
together with CD20+ B lymphocytes [29].

A recent study investigated leukocyte infil-
tration in diagnostic biopsies of MPM patients. 
The results demonstrated that the more aggres-
sive histotype (sarcomatoid/biphasic) had higher 
CD8+ T lymphocytes and PD-L1 expression on 
tumor cells, while epithelioid tumors had higher 
CD4+ T and CD20+ B lymphocytes. At variance 
with the other studies, high density of CD8+ T 
cells correlated with lower response to chemo-
therapy and worse survival [47]. This different 
finding may be explained by the fact that higher 
CD8+ T cells were also associated with higher 
amount of CD68+ macrophages.

In MPM, as in many other tumors, the cytotoxic 
function of CD8+ T cell is inhibited by the mole-
cule programmed cell death 1 (PD-L1) or PD-L2 
(checkpoints of the immune response), expressed 
by tumor cells or by immunosuppressive cells in 
the stroma, such as TAMs and MDSCs [48]. Their 
counter-receptor (PD-1) is expressed on acti-
vated CD4+ and CD8+ T cells. The interaction 
between PD-1+ T cells and PD-L1+ cancer/stro-
mal cells inhibits the function of T lymphocytes 
and leads to tumor immune evasion [47, 49, 50]. 
With the advent of immunotherapy with check-
point inhibitors that achieved remarkable tumor 
regressions in some patients [51–53], it is indis-
pensable to understand whether the lymphoid 
infiltrate expresses the PD-1 molecule, taken as a 
marker of immune exhaustion. Between 16% and 
65% of the investigated MPM express PD-L1, 
with the highest immunoreactivity found in non-
epithelioid mesothelioma [28, 54–59]. The pres-
ence of the PD-1/PD-L1 axis leads to inhibition 
of the endogenous antitumor immune response 
and to faster disease progression; PD-L1 levels 
in MPM is an independent prognostic marker of 
worse overall survival [46, 55–60]. In a study 

with 43 MPM patients, the authors investigated 
by flow cytometry, on disaggregated tumor sam-
ples, the phenotype of infiltrating leukocytes. 
Their results demonstrated that PD-L1-positive 
tumors had significantly more CD45+ leukocytes 
and in particular more CD3+ CD8+ T cells with 
PD-1 expression and also higher CD4+/FOXP3+ 
Tregs [30]. A similar analysis was performed on 
fine needle aspirate samples that did not require 
enzymatic dissociation for flow cytometry [61]. 
The authors were able to immunophenotype the 
infiltrating leukocytes and to determine the status 
of PD-1 expression by CD4+ and CD8+ lympho-
cytes, as well as the presence of myeloid cells 
(CD33+ monocytes and CD66b+ granulocytes). 
This methodology is of interest because it can be 
performed immediately on fresh diagnostic mate-
rial and may be more representative of the tumor 
microenvironment than the analysis performed 
on the dissociated samples [61].

A recent study from Lee et al. [62] character-
ized the immune infiltrate and the PD-1/PD-1 L 
status of MPM using CyTOF analysis. Two 
tumor subtypes with distinct immune pheno-
types were identified: TiME-I and TiME-II. The 
first contained significantly greater numbers of 
exhausted CD8+ T cells (PD-1+CTLA-4+CD8+ 
T cells) with the ability to produce IFNγ and of 
plasmacytoid DC (pDC) expressing high levels 
of CD40 and CD86. In contrast, TiME-II tumors 
contained more Tregs expressing high ICOS and 
CTLA-4 markers, CXCR4+CD38- (naive) CD8+ 
T cells, as well as neutrophils, conventional DCs 
(cDC), and TAMs with high PD-L1 and produc-
ing IL-10. Further in-depth studies demonstrated 
that TiME-I tumors had more neo-antigen abun-
dance and elevated levels of MHC class I and 
II proteins, compared with TiME-II tumors. Of 
interest, these signatures had prognostic signifi-
cance in that patients with TiME-I tumors had a 
more favorable survival [62]. The results of this 
study point out that the presence of PD-1 by T 
cell effectors is not always a sign of immune 
exhaustion, but—instead—may testify that these 
T lymphocytes are, or have been, antigen-primed, 
and therefore the tumor is immunogenic. On the 
same line, PD-1L upregulation (which is mainly 
induced by IFNγ) by cancer or stromal cells may 
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be taken as a sign of antitumor immune response. 
The issue if this immune response is still active 
or has been completely abrogated by PD-1L 
remains to be determined.

Other immune checkpoints have now been rec-
ognized: lymphocyte activity can be inhibited also 
by the molecules TIM-3 and LAG-3; their pres-
ence has been described on CD4+, CD8+ T cells, 
and NK cells in the effusions of mesothelioma 
patients [46] as well as on diagnostic biopsies [61].

B lymphocytes are able to act as APCs, to stim-
ulate T cells and to differentiate into antibody- 
secreting plasma cells. B cells are usually non 
abundant in solid tumors and frequently are 
located in aggregates with some T cells, called ter-
tiary lymphoid structures (TLS). In some tumors, 
B cells in TLS are associated with better progno-
sis [63, 64], while sparse B cells in the stroma are 
not, or correlate with worse survival, as in pan-
creatic cancer [65]. Low numbers of CD20+ B 
cells are usually found in MPM, although some 
patients with higher B cell infiltration (up to 50% 
of CD45+ cells) have been reported [44, 66, 67]. 
Of the few studies performed, an association 
between B lymphocyte counts and better patient 
outcome has been reported [22]. In another study, 
the authors reported that high numbers of CD20+ 
B lymphocytes correlated with better prognosis 
when considered together with low numbers of 
CD163+ macrophages [22]. The exact role of 
B cells in MPM is, however, still controversial. 
With their antibody response, these cells can also 
sustain and potentiate the chronic inflammation 
which favors tumor growth and progression.

As mentioned above, the subset of 
CD4+FOXP3+ T cells is endowed with potent 
immunosuppressive activity: Tregs have a piv-
otal role in physiology to maintain self-tolerance 
and avoid autoimmune diseases. In tumors their 
presence is usually associated with poor prog-
nosis, since they are able to suppress activation 
and proliferation of cytotoxic T cells [12, 22, 
66]. Conversely, low Tregs are associated with 
longer survival in epithelioid MPM patients [29]. 
Moreover, it has been shown that the number of 
Tregs decreased in patients pretreated with cis-
platin and pemetrexed [28].

NK cells are lymphocytes displaying natu-
ral cytotoxicity against tumor cells in an antigen- 

independent manner. Few NK cells infiltrate the 
solid masses of MPM, but some are found in the 
malignant pleural effusions, where they can con-
stitute up to 10–15% of total cells. These NK cells 
have little cytotoxic potential, and also blood NK 
cells from patients have lower cytotoxicity than 
healthy individuals [68]. In vitro exposure to asbes-
tos seems to impair NK cytotoxicity and to decrease 
the expression of the activating receptor NKp46 
[68]. These cells, however, are not anergic and can 
be rescued by activating cytokines such as IL-2 [69].

5.3  The Inflammatory 
Microenvironment of MPM

5.3.1  Reactive Oxygen 
and Nitrogen Species

It is known that asbestos fibers give rise to cellu-
lar damage and generation of reactive oxygen and 
nitrogen species (ROS/RNS) which cause oxidation 
and nitrosylation of DNA and proteins [70, 71].

Oxidants play important roles in the initia-
tion of numerous signal transduction pathways 
that are linked to proliferation/apoptosis and 
inflammation [72]. RNS are molecules with 
antimicrobial activity, derived from nitric oxide 
and superoxide (O2

−) which are induced dur-
ing inflammation in macrophages in response 
to LPS or IFNγ [73]. ROS are chemically reac-
tive molecules containing oxygen, such as per-
oxides, superoxide, hydroxyl radical, and singlet 
oxygen. Under homeostasis, low levels of ROS 
production exert several important roles in cell 
signaling and immune; in contrast, during envi-
ronmental or cellular injury, increased ROS/RNS 
levels cause oxidative stress, with implications 
in DNA and cellular damage. In the context of 
MPM, ROS/RNS are induced by asbestos fibers 
both through a direct effect on mesothelial cells 
and an indirect effect on the recruited inflamma-
tory cells. ROS/RNS overproduction and chronic 
non-resolving inflammation are the major factors 
responsible for the processes of cell transforma-
tion and malignant evolution [74].

These highly reactive molecules can induce 
DNA damage and genomic instability (DNA 
strand breaks and base modifications) and protein 
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alterations (e.g., in DNA repair enzymes) [75]. 
It has been demonstrated that occupational expo-
sure to asbestos causes increased DNA double- 
strand breaks in comparison to non-exposed 
workers [76]. Aberrant inflammatory cytokine 
expression and NF-kB activation also predispose 
cells to carcinogenesis by a variety of mecha-
nisms, for instance, by increasing cell survival, 
proliferation, and angiogenesis. The direct toxic 
effect of asbestos on pleural cells was strongly 
inhibited by the concomitant production of TNF, 
which supported cell survival via the NF-kB 
pathway; thus, an increased number of surviving 

pleural cells are susceptible to malignant trans-
formation [77].

A possible scenario in the asbestos-induced 
oncogenesis process is that pleural cells which 
survive the direct injury are continuously 
exposed to inflammatory mediators and reactive 
ROS/RNS.  Initially, DNA damage is success-
fully repaired, but over time, if DNA damage 
is no more fixed, and if random mutations have 
ablated tumor suppressor genes or cell cycle 
checkpoint genes, pleural cells proliferate 
and enter the carcinogenesis process [78–81] 
(Fig. 5.2).

Mesothelium

Alveolus

Alveolar
Macrophages

ROS/RNS,
IL-1, IL-6

ROS, RNS, IL-1, IL-6, TNF

Lung Mesothelium

DNA Damage

DNA Repair

Accumulation of DNA mutations
(>20 years)

Mutations impacting on cell
survival and proliferation

Transformation of 
Mesothelial Cells

Established Malignant
Mesothelioma

Apoptosis

Fig. 5.2 Upon introduction of 
asbestos fibers in the lung alveoli, local 
macrophages are activated in an 
attempt to clear the fibers away, a 
process of “frustrated phagocytosis” to 
their nondegradable nature. Asbestos-
induced inflammatory reaction leads to 
a state of chronic non-resolving 
inflammation. Reactive oxygen and 
nitrogen species (ROS/RNS) and 
inflammatory cytokines (IL-1β, IL-6, 
TNF) cause in mesothelial cells DNA 
damage and genetic alterations (e.g., in 
tumor suppressor genes) and inhibition 
of DNA repair mechanisms. This 
process of inflammation- induced 
carcinogenesis may require several 
years, being in fact the results of a 
balance between continuous random 
mutations and successful DNA repair, 
mesothelial cell death or cell prolifera-
tion, recognition by the immune 
system or escape from it
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5.3.2  NLRP3 Inflammasome 
Activation and IL-1

Asbestos fibers in the lungs are able to directly 
activate the NOD-like receptor NLRP3, a com-
ponent of the inflammasome, in innate immunity 
cells, leading to the production and secretion of 
active IL-1β and IL-18 in the microenvironment 
[13, 82]. IL-1 is the first member of a complex 
family of structurally related cytokines that are 
central mediators of innate immunity and inflam-
mation [83]. The family includes several ligand 
isoforms (most known are IL-1α, IL-β, and 
IL-33) and other ligands that serve as receptor 
antagonists, such as IL-1Ra. The receptor fam-
ily is also complex and is composed of an active 
signaling receptor (IL-1RI), non-signaling decoy 
receptors (e.g., IL-1RII), and receptor regulators 
(e.g., IL-1R8).

This structural complexity and tight regulation 
are necessary to fine-tune the balance between 
amplification of defensive immunity and uncon-
trolled inflammation [83].

IL-1β signals via the MyD88-IRAK-NF-κB 
pathway and stimulates the secretion of second-
ary inflammatory mediators, including TNF and 
IL-6, several chemokines, growth factors, and 
enzymes of the inflammatory cascade.

IL-1β, together with other inflammatory 
cytokines, is produced in  vitro by cultured 
human mesothelial cells and alveolar macro-
phages treated with asbestos or other similar 
fibers [82, 84]. In a mouse xenograft model 
with human MPM cells, the release of several 
cytokines was impaired upon treatment with 
IL-1Ra (Anakinra), confirming the primary role 
of IL-1  in triggering the downstream amplifi-
cation of the inflammatory cascade [82]. In the 
last decade, inflammasome activation and IL-1 
secretion have been considered key components 
of the tumor- promoting inflammation [85]. IL-1-
triggered responses amplify the recruitment of 
inflammatory cells, promote neo-angiogenesis, 
and lead to suppression of antitumor immunity 
[85]. Furthermore, chronic NLRP3 activation 
and IL-1β/IL-18 production induce a mesothe-
lial to fibroblastic transition (MFT) that is con-
sidered the initial step of MPM tumorigenesis, 

with a gain of mesenchymal markers (vimentin, 
N-cadherin) and loss of epithelial markers (e.g., 
E-cadherin) [86]. Among the factors responsible 
for MFT are the cytokines IL-6 and CXCL8, as 
well as the fibroblast growth factor (FGF), also 
triggered by asbestos [86].

Of interest, treatment with chemotherapeutic 
drugs and consequent cell death may also acti-
vate the inflammasome and increase the levels of 
IL-1β and of other pro-inflammatory mediators. 
In SCID mice bearing a human MPM cell line, 
inhibition of IL-1R signaling (Anakinra) com-
bined with cisplatin resulted in greater antitumor 
effect compared to cisplatin alone [87]. These 
data confirm that IL-1β signaling has a signifi-
cant role in the progression of MPM. Indeed, the 
interest of IL-1 blocking agents in oncology has 
dramatically increased in the last years; of note 
IL-1β inhibition with a specific antibody could 
significantly reduce incident lung cancer and 
related mortality in a large cohort of high-risk 
patients [88]. These findings constitute a ratio-
nale to use inflammation-targeting therapies in 
human MPM and to consider chemopreventing 
strategies against inflammation-related IL-1β/
IL1R signaling in high-risk individuals who have 
been chronically exposed to asbestos [89].

5.3.3  Other Inflammatory Cytokines 
and Chemokines

As mentioned above, IL-1-mediated activation 
of the transcription factor NF-kB results in the 
transcription of several inflammatory genes. 
In MPM tissues, and especially in pleural effu-
sions,  several soluble inflammatory mediators 
are present, such as TNF, IL-6, and the chemo-
kines CXCL8 and CCL2; in addition, a number 
of growth factors are expressed for epithelial 
cells, vessels, and stromal cells, including vascu-
lar endothelial growth factor (VEGF), hepatocyte 
growth factor (HGF), transforming growth fac-
tor beta (TGF-β), platelet-derived growth factor 
(PDGF), and insulin- like growth factor (IGF) and 
FGF [90–93].

TNF is a pro-inflammatory cytokine able to 
activate several cellular processes; by stimulating 
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NF-kB it induces the production of chemokines 
and adhesion molecules, important for the arrival 
of inflammatory leukocytes. In addition, low lev-
els of TNF stimulate angiogenesis and the activa-
tion of quiescent fibroblasts in the stroma [16]. 
As a matter of fact, at concentrations usually 
found in the microenvironment, TNF sustains 
cancer progression; on the other hand, very high 
levels of TNF potently induce necrotic cell death 
in various cancer types [16].

IL-6 is a pleiotropic cytokine acting on 
immune cells and also on epithelial cells and 
the microenvironment. It is a major cytokine of 
the acute phase response but also importantly 
involved in the chronic process of inflamma-
tion. In the tumor microenvironment its role is 
strictly correlated with the activation of several 
pathways, such as STAT3, Ras/MAPK/ERK, 
AP1/JNK, Cox2, PI3K/AKT, Wnt, and Notch3/
Jagged1. These pathways, especially STAT3, 
stimulate cancer cell survival [94] and may be 
involved in the acquisition of chemoresistance 
during therapy, while activation of STAT3  in 
immune cells (e.g., by IL-6 and IL-10) leads to 
immunosuppression [95].

Pleural effusions of mesothelioma patients 
contain substantial levels of IL-6 [96–99]. Its 
involvement in this disease has been studied as 
potential autocrine growth factor and angiogen-
esis promoter [96, 100]; of note, IL-6 recep-
tor inhibition abrogated VEGF expression in 
cultured mesothelial cells [101]. IL-6 is also 
involved in the acquisition of chemoresistance, 
although this aspect is controversial in mesothe-
lioma tumors [100]. Unlike other solid tumors 
where serum levels of IL-6 correlate with poor 
prognosis (e.g., NSCLC, pancreatic and breast 
adenocarcinoma), its prognostic significance is 
less clear in MPM, but its presence is linked with 
other factors predicting poor prognosis, such as 
CRP and high numbers of platelet [98, 102, 103].

IL-1, TNF, and IL-6 strongly stimulate the 
expression of several genes coding for chemo-
kines. A major factor in monocyte recruitment 
inside tumor tissues is CCL2, also known as 
monocyte chemoattractant protein-1 (MCP1) [6, 
17]. Both MPM tumor cells and macrophages are 
able to produce CCL2, and its release is the main 

mechanism for monocyte recruitment from the 
blood [26]. Higher levels of CCL2 are present in 
the pleural effusion of MPM patients, compared 
to benign pleural effusions [104, 105].

IL-8, also known as CXCL8, is produced by 
macrophages, endothelial and epithelial cells 
upon infection or tissue injury, and stimulates 
the migration of granulocytes to the affected site 
[106]; in that context, CXCL8 also promotes the 
resolution of the pathological processes [107]. 
In the tumor context, this chemokine is respon-
sible for the recruitment of neutrophils and also 
MDSCs, prompting the formation of an immu-
nosuppressive microenvironment. CXCL8 is also 
a potent angiogenic factor and inducer of the 
epithelial- mesenchymal transition (EMT) [108, 
109]. In mice exposed to asbestos, CXCL8, IL-6, 
and IL-1β were overexpressed and fueled the 
inflammation preceding tumor formation [110, 
111]. In a xenograft mouse model, CXCL8 inhi-
bition decreased tumor growth, confirming the 
important role of this chemokine in tumor pro-
gression [112, 113].

Pleural effusion from human mesothelioma 
patients contains substantial levels of CXCL8. 
In addition to its pro-angiogenic and chemoat-
tractant role, in vitro studies on cultured meso-
thelioma cells reported an autocrine proliferative 
effect of CXCL8 on cancer cells [113–115].

Previous studies demonstrated that 
chemotherapy- treated mesothelioma cells 
may survive the apoptotic insult and enter a 
state of senescence, which is characterized by 
a senescence- associated secretory phenotype 
(SASP); CXCL8 and IL-6 were among the most 
secreted cytokines [116]. A recent study reported 
that an inhibitor to the chaperon molecule HSP90 
(known to sensitize tumor cells to some che-
motherapeutics) blunted chemokine secretion 
and the correlated CXCL8-mediated survival of 
mesothelioma cells [113].

5.3.4  Stromal Cells and Matrix- 
Related Factors

Stromal cells are a major determinant of solid 
tumors, and recent evidence has highlighted their 
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complex interaction with cancer cells and locally 
infiltrating leukocytes. Cancer-associated fibro-
blasts (CAFs) typically display a non-quiescent 
phenotype, as instead occurs in normal tissues, 
and are indeed an important source of soluble 
or matrix-bound biological mediators, such as 
growth factors for cancer and endothelial cells. 
CAFs and the vessel network are thus impor-
tantly involved during tumor development and 
sustain cancer cell proliferation and their ability 
to invade the surrounding tissues [117, 118].

In malignant mesothelioma, CAFs acquire an 
activated phenotype due to the local expression 
of FGF-2, PDGF-AA (platelet-derived growth 
factor-AA), and TGFβ produced by cancer and 
stromal cells [119]. In turn, they secrete abun-
dant matrix components and proteolytic enzymes 
which eventually lead to the construction of an 
aberrant extracellular matrix with continuous 
remodeling. CAFs also produce other growth 
factors such as VEGF, thereby stimulating the 
angiogenic network, tumor development, and 
resistance to therapy [82, 119–125]. In mouse 
model it is demonstrated that their inhibition 
reduces mesothelioma cell growth in vitro [122].

As in many other tumors, human MPM tis-
sues contain many vessels, and the histological 
evaluation of angiogenesis is an independent fac-
tor of poor prognosis [126]. There is evidence 
in a rat model of mesothelioma that targeting 
CAFs with an inhibitor of the Hedgehog signal-
ing pathway decreased tumor volume and growth 
rate. Histological evaluations determined that tar-
get genes of this pathway (e.g., fibronectin and 
VEGF) were predominantly down-modulated in 
the stromal compartment [127, 128].

Transforming growth factor β (TGFβ) is a 
master regulator of stromal cells. TGFβ is a 
secreted cytokine produced by tumor cells with 
the ability to induce oncogenic transformation 
of non-cancerous cells in vitro [129]. The TGFβ 
family comprises different members involved in 
various physiological processes, for instance, in 
the regulation of embryonic development, and 
also in pathological conditions such as cancer 
[130]. TGFβ has been implicated in tumor pro-
gression through its regulation of cell growth, 
differentiation, and migration and has been also 

implicated in cell apoptosis, epithelial to mes-
enchymal transition (EMT), and matrix regula-
tion. In normal cells such as fibroblasts, TGFβ 
is a potent activator of their matrix-producing 
function; by contrast, in immune cells, TGFβ is 
potently suppressive: it inhibits Th1-mediated 
T cell responses, expands Tregs, and polarizes 
macrophages toward pro-tumor [130, 131]. In 
the pleural effusions of mesothelioma patients, 
TGFβ is present at high levels and likely exerts 
two complementary functions: the creation of a 
suppressive environment and the development of 
tumor cells with EMT phenotype and invasive 
ability [26, 48, 131, 132].

The canonical Smad-mediated TGFβ signal-
ing upregulates the ERK and AKT pathways 
in target cells. In a recent study, using a mouse 
model of mesothelioma xenografts, the authors 
showed that treatment with pirfenidone (an anti- 
fibrotic drug) blocked the TGFβ-induced upregu-
lation of ERK and AKT and modified the tumor 
microenvironment. The most important modi-
fications were a reduction in the expression of 
matrix-associated genes, such as several types 
of collagens, matrix glycoproteins, and gremlin1 
(an antagonist to bone morphogenetic proteins); 
these molecules are implicated in driving cancer 
cells to a migratory and invasive phenotype [133]. 
Having such complex roles, TGFβ has always 
been considered a difficult target molecule in 
cancer. Nevertheless some approaches have been 
attempted. A clinical study was performed in a 
small number of advanced mesothelioma patients 
to evaluate the effect of a neutralizing anti-TGFβ 
antibody. No clinical responses were observed, 
but 5 patients out of 13 treated had immuno-
regulatory effects and produced enhanced levels 
of antibodies against tumor cell lysates; these 
patients had an increased median overall survival 
(15 vs 7.5 months) compared to patients not pro-
ducing antibodies [134]. These results suggest 
that TGFβ-blockade may be worth pursuing and 
that effective compounds directed to this cyto-
kine or its receptors may be useful to normalize 
the tumor microenvironment [131].

Mesothelin and Osteopontin are two matri-
cellular glycoproteins that are overexpressed 
in mesothelioma and were found to be associ-
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ated with tumor progression in some studies. 
Osteopontin is produced by various cell types, 
including macrophages, and is frequently over-
expressed in tumors. It is able to promote onco-
genic features such as cell proliferation, survival, 
migration, and neo-angiogenesis [135–137]. 
Serum levels of Osteopontin are usually high in 
MPM, and this protein has been proposed as diag-
nostic marker or as marker for therapy response 
[138]. Similarly, Mesothelin levels in blood were 
assessed in MPM patients along the course of 
chemotherapy. A rise of 10% in serum mesothe-
lin could predict disease progression with a sen-
sitivity of 96% and specificity of 74% [139].

5.4  Conclusions

The tumor microenvironment of human MPM 
is characterized by the presence of an abundant 
leukocyte infiltrate, a fingerprint of the inflam-
matory origin of this tumor. The myeloid lineage 
(macrophages, MDSCs) usually predominates 
and exerts strong immunosuppressive effects 
on adaptive T cell-mediated antitumor immune 
responses. Macrophages also promote disease 
progression by directly supporting tumor cell 
survival and proliferation and by stimulating 
neo- angiogenesis. In this scenario, several com-
ponents of the inflammatory cascade (reactive 
chemical species, IL-1-orchestrated cytokines 
and chemokines) are expressed in the tumor 
stroma or accumulate in pleural effusions. 
Several cytokines have been investigated also in 
the plasma of MPM patients, with the intent to 
define biomarkers for early diagnosis or response 
to treatments. These studies, so far, have not pro-
vided reproducible and clinically useful assays.

Tumor-induced immune dysfunction and 
the intrinsic resistance of mesothelioma cells to 
anti- proliferative chemotherapy suggest to test 
alternative therapeutic approaches. Antibody-
based immunotherapy against checkpoint inhibi-
tors is currently being pursued in mesothelioma 
patients. Due to its inflammatory nature, it would 
be reasonable also to investigate novel strategies 
targeting specific inflammatory circuits, such 
as depletion or re-programming of the tumor- 

promoting macrophages, as well as inhibition 
of specific cytokines, especially IL-1β, at the 
summit of the inflammatory cascade. The recent 
availability of several target-specific drugs and 
the increasing clinical knowledge in therapy 
combinations justify the hope that this tumor 
might be treated in the future with more success 
than previously achieved.
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Preclinical Models 
in Mesothelioma

Ilaria Fuso Nerini and Roberta Frapolli

6.1  Introduction

Malignant mesothelioma (MM) is a highly 
aggressive cancer whose pathogenesis is related 
to asbestos exposure. The combination of cispla-
tin and pemetrexed is the frontline therapy, but in 
most cases it gives only short-term responses, and 
there are few second-line options. Consequently, 
MM has a poor prognosis, and the median sur-
vival time is around 12–16  months. Increased 
knowledge of the molecular mechanisms of its 
development has prompted the design of different 
clinical studies addressing specific targets, but the 
impact on patients’ long-term survival is minimal. 
Only the addition of bevacizumab to the first-line 
regimen has given a slight but significant survival 
gain of 2–3 months [1]. The benefits with immu-
notherapy have been disappointing, and although 
immune checkpoint inhibitors are considered an 
option for second- line therapy, their efficacy 
remains unproven [2]. There is therefore a press-
ing need for novel treatments for MM.

Studies in MM patients present some difficul-
ties, for the following main reasons:

 1. MM is a rare tumor, so few patients can be 
enrolled in randomized clinical trials.

 2. Invasive procedures are required for sampling 
neoplastic lesions, limiting the possibility of 
collecting specimens during tumor evolution 
and/or drug response.

 3. The peculiar growth pattern of MM, together 
with the presence of fibrosis, pleural thicken-
ing, and pleural effusion, makes evaluation of 
the clinical response a challenge because of 
the difficulties in quantifying the tumor 
burden.

Preclinical studies are therefore needed to 
deepen our understanding of the disease. Despite 
some intrinsic limitations, experimental models 
can reproduce the main features of MM and thus 
give us the possibility to fill some gaps of knowl-
edge related to its pathogenesis, molecular 
lesions, and microenvironment complexity. They 
can also be useful to identify prognostic/predic-
tive biomarkers and test new therapeutic 
strategies.

Here we present an overview of the reported 
in  vitro and in  vivo preclinical models of MM 
with particular focus on their advantages and 
challenges. We give our critical view of the 
potential applications and limitations of each 
model when extrapolations to the clinic are 
made, since the choice of the best models for 
each experiment is crucial to obtain reliable 
data. Additional material on this topic can be 
found in the reviews published by Singh [3] and 
Robinson [4].
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6.2  In Vitro Models of Malignant 
Mesothelioma

6.2.1  2D Cell Cultures

Cellosaurus (http://web.expasy.org/cgi-bin/cello-
saurus/search) lists 473  MM cell lines (433  of 
human origin, 31 mouse, 8 rat, 1 rainbow trout) 
on April 2019. Many other cell lines have been 
generated and are probably owned exclusively by 
the laboratory where they were developed.

6.2.1.1  Human Primary Cell Cultures
Primary cultures derive from cells taken directly 
from living tissue, such as surgical tumor tissue 
or pleural fluid. The procedure for developing 
primary MM cultures generally involves a few 
steps: (1) blending the tumor into small pieces of 
1–3  mm2, (2) optional incubation with collage-
nase or dispase, (3) filtering through a cell sieve, 
and (4) adding the single-cell suspension to cul-
ture medium with special supplements (e.g., 
hydrocortisone, epidermal growth factor, hepa-
rin, insulin, transferrin, selenium, and beta- 
mercaptoethanol, besides fetal calf serum). 
Subculturing is allowed only for a limited num-
ber of times (generally to expand cell numbers 
and remove fibroblast contamination) for about 
15 population doublings, with a culture life-span 
of approximately 1  month. Other preparation 
methods involve the isolation of cells with 
epithelial- like morphology from the tumor mass 
by mechanical scraping and their selection by 
differential attachment [5].

Spontaneous immortalization of MM primary 
cultures is very frequent, even more than other 
tumor types. Stable cell lines have an almost 
unlimited growth potential. They are one of the 
tools of choice for preclinical research due to the 
easy handling and high-throughput capacity and 
are useful for studying the mechanisms of tumor 
progression, aggressiveness, and drug response.

Characterizing these cell lines is necessary to 
confirm maintenance of the original tumor sub-
type, which must be monitored over time. The 
characterization generally comprises the analy-

sis of immunoreactivity to typical MM markers 
(e.g., mesothelin, calretinin, 5T4, podoplanin, 
cytokeratins, and HBME1), karyotyping, and/
or short tandem repeat/single-nucleotide poly-
morphism analysis. Further characterization 
includes human leucocyte antigen typing, scan-
ning electron microscopy, or whole exome 
sequencing.

Important efforts have been made to develop 
large collections of stable MM cell cultures. They 
have often been run in parallel with the establish-
ment of tissue biobanks (bioresources of MM tis-
sue and blood, linked to a detailed clinical 
database), given the availability of biopsy sam-
ples. The UK MesobanK is the result of a national 
effort in the UK that has led to the collection of 
26 primary MM cultures (http://www.mesobank.
com) [6]. Oehl et  al. have established 159 pri-
mary cultures from human MM samples [7].

6.2.1.2  Human Cell Lines Induced by 
In Vitro Transformation

The main challenge in the development of new 
MM in vitro models is selecting the most suitable 
starting biological material. Although this is a 
common problem for many other tumor types, it 
is even more difficult for MM, since its cell of 
origin is still uncertain. The majority of studies 
assume that MM originates from the pleural 
mesothelial cell, while some researchers believe 
that other cell types (e.g., mesothelial progenitor 
cells) are responsible for MM occurrence. The 
lack of general agreement on the definition of cell 
transformation adds difficulties in the interpreta-
tion of results.

In vitro cell transformation can be prompted 
by exposure to asbestos. However, the efficiency 
of transformation is low, because human meso-
thelial cells are highly sensitive and their expo-
sure to asbestos fibers causes extensive death. 
Unlike asbestos, erionite is poorly cytotoxic and 
frequently induces transformation with long- 
term exposure. Other studies report that inflam-
matory cytokines, such as IL-1β and TNF-α, are 
necessary to trigger in  vitro transformation. 
Co-culturing of mesothelial cells with macro-
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phages protects them from asbestos-induced cell 
death and triggers the formation of 3D foci [3].

Other in vitro models have been developed by 
inducing the expression of specific oncogenes in 
human mesothelial cells. Current genetic 
 engineering technologies easily allow to intro-
duce an unlimited range of mutations. However, 
choosing the proper mutations that trigger cell 
transformation remains a big challenge because 
of our scant knowledge of the exact steps of MM 
pathogenesis.

• MeT-5A cells have been obtained by transfec-
tion of mesothelial cells from pleural fluids of 
non-cancerous individuals with a plasmid 
containing simian virus 40 (SV40) large T 
antigen [8]. The SV40 protein directly inhibits 
p53 and Rb tumor suppressor pathways. The 
viral gene can accelerate the cell cycle of 
mesothelial cells, but is not sufficient to trans-
form them. MeT- 5A cells can undergo 60–70 
population doublings before senescence, with 
a culture life-span of approximately 
5–6  months. They are sensitive to the cyto-
toxic effects of asbestos fibers and are non-
tumorigenic in mice.

• Some models of MM oncogenesis involve 
introducing additional mutations in MeT-5A 
cells, thus supporting the hypothesis that mul-
tiple, instead of single, molecular steps are 
required to produce a malignant phenotype. 
EJ-ras cells have been generated by introduc-
tion of a constitutively activated isoform of 
p21 ras oncogene in MeT-5A and can form 
tumors in nude mice. MeT-5A cells also 
become tumorigenic by transfection with the 
growth factor PDGFA, whose autocrine sig-
naling has an important role in the malignancy 
of MM. A chimeric protein disrupting a DNA 
methyltransferase complex DNMT1/PCNA/
ubiquitin-like could induce a tumorigenic 
phenotype in MeT-5A cells, probably as a 
consequence of global DNA hypomethylation 
[3].

• LP-9 cells are peritoneal normal mesothelial 
cells and have been extensively characterized 

[9]. They have been used as starting material 
to prepare novel MM models by introducing 
or overexpressing  oncogenes (e.g., TERT1, 
the catalytic component of telomerase). Some 
omental mesothelial cell lines have been 
established by retroviral transduction with 
both human papillomavirus 16 E6/E7 and 
TERT genes [5].

6.2.1.3  Murine Cell Lines
Similarly to human cell lines, immortalized 
murine mesothelial cells include cells isolated 
from spontaneous MM or generated by in vitro 
transformation of mouse primary mesothelial 
cells [10]. These cell lines present the pheno-
typical and functional features of MM and have 
been used for in  vitro assays or implanted in 
immunocompetent mice of the same genotype 
for in vivo studies. AB1, AB12, AB22, 40, 40L, 
AE17, and AK7 cells were derived from spon-
taneously arising MM in wild-type mice 
injected intraperitoneally with asbestos [11–
13]. TGM cell series (e.g., TGM299h, TGM304i, 
TGM270i, TGM266i) originated from SV40 
TAg transgenic mice [14]. iMESO are SV40-
immortalized cell lines derived from wild-type 
and NF2-mutated mice that showed anchorage-
independent growth but that are not tumorigenic 
in mice. RN5 cells originate from an Nf2+/− 
mouse exposed repeatedly to crocidolite. They 
have persistent growth in  vitro and are highly 
tumorigenic in vivo [15].

Sheddon et  al. recently characterized the 
mutational landscape of 15 murine MM cell lines 
derived from different murine strains using whole 
exome sequencing. They analyzed somatic muta-
tions and copy number variations and concluded 
that murine MM has a similar mutation rate to 
human MM [16].

6.2.2  3D Cell Cultures

3D cell cultures offer an evolution of in  vitro 
cancer modeling and originate from the effort to 
develop a more accurate system to reproduce the 
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in  vivo features of MM better. Spheroids are 
used to model more realistic cellular junctions 
between epithelial cells and interactions between 
tumor cells and extracellular matrix. From the 
exterior to the center of spheroids, gradients of 
nutrient concentration and cell proliferation 
form spontaneously. Central necrosis and regions 
of hypoxia often develop, thus naturally mimick-
ing small avascular tumors. Even drug diffusion 
kinetics can be partially reproduced within 
spheroids.

Different 3D models have been developed:

• Spheroids have been developed by seeding 
cell suspensions on 3D structures made of 
artificial matrix (e.g., polyHEMA). Cells are 
immortalized cell lines or primary cultures. 
Mazzocchi et al. recently obtained a collection 
of MM organoids incorporating patient- 
derived tumor cells that showed high cellular 
heterogeneity and variable responses to che-
motherapy, in line with the clinical evolution 
of the original tumors [17].

• Tumor fragment spheroids (TFS) are an 
ex  vivo model of living tumor. Small frag-
ments of the original tumor tissue are allowed 
to grow into 3D structures. Tumor cells can 
form spheroids without an artificial matrix, 
exploiting the cells’ ability to produce and 
self-organize complex ECM structures and 
cell-cell interactions. Similarly to the origi-
nal tumor, cells in TFS are highly genetically 
or epigenetically heterogeneous. In some 
cases, the TFS contain viable tumor cells for 
weeks to months, while the cells disaggre-
gated from the same tumors failed to prolif-
erate [18, 19]. Large global gene expression 
profiling on 2D and 3D cultures of the same 
MM cell line served to identify the genes 
(mainly related to Warburg effect) that are 
specific to the 3D biological structure of 
tumors [20].

• Organ-on-a-chip is an innovative technology 
based on the integration of bioengineering 
with microfluidics to mimic in vivo conditions 
better. Besides 3D architecture and cell-cell/

cell-matrix interactions, these platforms can 
combine complex parameters, such as circula-
tion. Multiple tissues can be seeded within 
one platform thus allowing to investigate the 
interactions between cancer cells and different 
host tissues [17, 21].

6.2.3  Applications for In Vitro 
Malignant Mesothelioma 
Models

In vitro models are fast, reproducible, economi-
cal and can be easily genetically manipulated. 
Therefore they are used in numerous applica-
tions of basic and translational research. For 
example, different in  vitro assays are used to 
investigate the role of specific genes or pathways 
in MM pathogenesis and aggressiveness. Thus a 
mutated protein with driver activity in MM could 
be investigated as a possible target for novel 
pharmacological therapies. Cell cultures are also 
used for high-throughput drug screening, to 
assess the efficacy of experimental compounds 
or combinations. Similarly, mechanisms of 
action of drugs can be deeply investigated. 
Another application of in  vitro MM models is 
the identification of novel prognostic/predictive 
biomarkers. In this case, molecules that confer 
sensitivity or resistance to drugs can only be 
definitely validated correlating their levels in 
tumor biopsies with clinical outcome. However, 
in  vitro studies serve to screen the response of 
tumor cells to multiple drug treatments, which is 
not feasible in the clinical setting. Potentially, 
co-clinical in  vitro models (primary 2D or 3D 
cell cultures) for each patient can be developed, 
to help predict the individual response to anti-
cancer drugs. Cell lines from the same patient at 
different stages during disease progression can 
be useful to study the mechanisms of pharmaco-
logical resistance.

Advantages and challenges of the different 
models are summarized in Table  6.1. In vitro 
studies reduce the need for animal experiments, 
in keeping with the 3R policy first described by 
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Table 6.1 Summary of the main pros and cons of in  vitro MM models and their main applications in preclinical 
research

Advantages Disadvantages Main applications

2D cell 
cultures

Primary cell 
cultures

•   Cost-effective
•  Easy downstream 

processing
•  Same genotype as the 

parent tissue; not 
“dedifferentiated”

•  Absolute control of 
physical environment

•  Relatively short life-span in 
culture

•  Very susceptible to 
contamination

•  Low reproducibility; 
considerable variation in 
population and between 
preparations

•  Homogeneous distribution of 
nutrients, waste, and drugs

•  Lack of 3D structure; reduced 
cell-to-cell interactions; 
unnatural substrate

Investigation of the role of 
genes in MM progression
Testing novel therapeutic 
options against MM
Study of the mechanisms 
of action of specific drugs 
against MM
Identification and/or 
validation of novel 
prognostic/predictive 
biomarkers

Cell lines 
induced by 
in vitro 
transformation

•  Cost-effective
•  Easy to maintain
•  Easy downstream 

processing
•  High-throughput 

capacity
•  Absolute control of 

physical environment
•  Easy genetic 

manipulation

•  Cells change over time in 
culture (genotypic and 
phenotypic drifting)

•  Lack of cellular 
heterogeneity/complexity 
similar to the original tumor; 
less biologically relevant 
models

•  Lack of 3D structure; reduced 
cell-to-cell interactions; 
unnatural substrate

•  Complex mechanisms of 
cancer biology (e.g., 
angiogenesis, metastasis, 
interstitial fluid pressure, 
interactions with mesothelial 
lining, immune infiltration) 
cannot be reproduced

•  Homogeneous distribution of 
nutrients, waste, and drugs

•  Co-culture unable to establish 
a microenvironment

3D cell 
cultures

Spheroids from 
cell lines, tumor 
fragment 
spheroids, 
organ-on-a-chip

•  More accurate 
representation of the 
in vivo scenario; better 
reflects cell 
differentiation, 
polarization, cell 
behavior

•  Gene expression profile 
more similar to in vivo 
tumors

•  Increased cell-to-cell and 
cell-to-extracellular 
matrix signaling

•  Co-culture of multiple 
cells mimics 
microenvironment better

•  Heterogeneous 
distribution of nutrients, 
waste, and drug

•  More predictive drug 
response than 2D cell 
cultures

•  Added expense
•  Complex culture system
•  Complex downstream 

processing

Analysis of gene function 
in cancer progression
Study of cell-to-cell and 
cell-to-matrix interactions
Study of therapeutic 
efficacy of anticancer 
drugs and combinations
Identification and/or 
validation of novel 
prognostic/predictive 
biomarkers
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Russell and Burch in 1959 [22]. They can be con-
sidered complementary approaches to animal 
testing, although not true alternatives. A major 
problem is that many of the existing immortal-
ized lines were generated a number of years ago 
and no longer represent original tumors. Cell 
lines maintained in  vitro may suffer selective 
stress due to the necessity for growth without the 
tumor microenvironment. As a consequence they 
lose the typical heterogeneity of the human can-
cer and may experience a genetic drift different 
from the primary tumors. This is an important 
hindrance to in  vitro studies using cell cultures 
and, together with the absence of proper tumor- 
stroma interactions, limits the predictivity of 
clinical trial results.

6.3  In Vivo Models of Malignant 
Mesothelioma

6.3.1  Asbestos-Induced Models

The first epidemiological studies suggesting a 
relationship between the risk of MM and asbes-
tos exposure date back to the 1960s [23, 24]. 
Since then a number of preclinical studies have 
been done to unravel the pathogenic mechanisms 
behind MM.  Various animal species were 
exposed to asbestos fibers by inhalation [25–27] 
or by intrapleural/intratracheal/intraperitoneal 
injections [28–32]. Inhalation is the most repre-
sentative route since human exposure mainly 
occurs through breathing. However, the experi-
mental procedures are expensive and potentially 
hazardous for researchers and the environment. 
Moreover, the efficiency in inducing MM is low 
compared to the other routes (about 5% vs 
25–98%, respectively). On the other hand, intra-
pleural, intratracheal, and intraperitoneal injec-
tions introduce asbestos through an unnatural 
route, exposing mesothelial cells to local concen-
trations of fibers higher than those reached with 
human exposure. Despite this disadvantage, the 
intraperitoneal route allows the easiest delivery 
and has been widely used to test the carcinogenic 

potential of different asbestos fibers. Peritoneal 
MM accounts for about 10% of MM and shares 
the same pathogenesis and poor drug sensitivity 
with the more common pleural MM. Studies in 
rats indicated that the length of the fibers is 
directly related to their tumorigenicity [11, 33–
35]. MM occurs in 56–97.5% of exposed rats, 
depending on the dose and type of fiber, with all 
the possible morphological patterns (i.e., tubular, 
papillary, solid, and spindle cell) observed in 
humans [35, 36].

Studies in mice after intraperitoneal injec-
tion of asbestos substantially confirm the rela-
tionship between fiber length and the 
carcinogenic effect. In this species the inci-
dence of MM after asbestos exposure ranged 
between 25% and 45%, with a latency of about 
7 months [37, 38]. In BALB/c and CBA mice, 
Davis et  al. reported the formation of thick, 
hemorrhagic ascites and in some cases solid 
masses in the peritoneum. The cytological and 
ultrastructural characterization of the serous 
effusions identified all three histological sub-
types of MM (epithelioid, biphasic, and sarco-
matoid) with a relatively high frequency of 
epithelioid. The malignant cells were also cul-
tured in vitro and established as continuous cell 
lines that were tumorigenic when reinoculated 
in syngeneic mice [38].

Asbestos-induced models use the same car-
cinogen as in humans resulting in a similar devel-
opment process, anatomical localization, and 
morphology, thus reproducing the human disease 
well. Nevertheless, the low penetrance and the 
long lag time make these models hard to use for 
pharmacological studies.

6.3.2  Xenograft Models

MM xenografts were obtained by injecting 
human MM cells into immunocompromised 
mice, such as nude, SCID, or NOD/SCID mice, 
to avoid the rejection of the foreign tissue. Cells 
can be injected subcutis or orthotopically into the 
pleural or peritoneal cavity. These models pro-
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duce MM in a higher percentage of mice than 
asbestos-induced models, and the tumors main-
tain most of the molecular and histological fea-
tures of the human disease.

The establishment of xenograft models of 
human MM was first described by Chahinian 
et al. [39]. They obtained fresh tumor specimens 
from three MM patients and transplanted them 
in BALB/c nude mice, subcutaneously or intra-
peritoneally. No tumor growth was seen in the 
peritoneum, whereas a 65% success rate was 
reached with the subcutaneous graft. Histological 
examinations of the transplanted tumors revealed 
similar characteristics to those of the original 
tumors.

In 1991 the first human MM cell lines were 
established from pleural effusions [40], laying 
the foundations for a number of transplantable 
xenograft models. However, the subcutaneous 
tissues do not adequately reproduce the serous 
cavities, so more suitable models were obtained 
inoculating MM cells intraperitoneally [41–43]. 
The possibility to perform orthotopic implanta-
tion of human-derived specimens through a 
 thoracotomy was then described [44, 45]. The 
tumors reproduced the clinical behavior of MM 
in humans well, with extensive spread in the ipsi-
lateral and contralateral pleural cavities and 
mediastinal lymph nodes. However, surgical 
implantation of the tumor may cause inflamma-
tion, tissue repair processes, and fibrosis, possi-
bly interfering with the graft due to the production 
of cytokines and growth factors. To avoid these 
problems, less invasive transthoracic injections 
of MM cells were done in nude rats [46] and mice 
[47, 48]. Both models maintained the pathologi-
cal and clinical features of human MM.

Overall, xenografts are good tools for preclin-
ical pharmacological screening, but these models 
have to be selected bearing in mind the following 
aspects:

• Long-term passaging of cell lines reduces het-
erogeneity and leads to genetic drift caused by 
genomic instability, hampering the ability of 
the preclinical models to accurately mimic 

clinical MM.  Patient-derived xenografts, in 
which human tumor specimens were engrafted 
directly in immunocompromised mice, 
address this problem [49].

• The lack of a fully proficient immune system 
may lead to an altered tumor microenviron-
ment. Tumor-infiltrating immune cells pro-
duce cytokines, chemokines, proteases, and 
other bioactive molecules (reactive oxygen 
species, histamine, nitric oxide) that can 
influence tissue remodeling and new vessel 
formation, affecting tumor growth, metasta-
sis, and response to chemotherapy [50]. This 
last point is the main drawback of the xeno-
graft approach, especially considering the 
growing importance of immunotherapy in 
oncology.

6.3.3  Syngeneic Models

Syngeneic models of MM were obtained by 
subcutaneous or orthotopic injection of murine 
MM cell lines into host mice with the same 
genetic background (same inbred mouse strain). 
The establishment of MM cell lines from 
murine MM was first described in 1992. They 
were obtained from ascites of asbestos-exposed 
BALB/c (i.e., AB1, AB2, AB12, AB13, and 
AB22 cell lines) and CBA (i.e., AC14, AC16, 
AC28, AC29, AC31, AC32, and AC34 cell 
lines) mice. All three histotypes (epithelial, 
biphasic, and sarcomatoid) were observed with 
a prevalence of the epithelioid form, as in 
human patients [38]. These cell lines were 
tumorigenic when injected in mice, giving 
highly reproducible models growing in immu-
nocompetent mice [38]. Additional models (40, 
40L, AE17, and AK7) were described in 
C57BL/6 mice [12, 51, 52].

Extensive characterization of the AB, AC, and 
AE cell series in vitro and in vivo supports the use 
of these models for preclinical pharmacological 
studies [13, 16].

The ability of these preclinical models to 
reproduce the human disease in the context of a 
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fully proficient immune system offers a way to 
investigate therapeutic strategies targeting not 
only the neoplastic cells but also the complex 
microenvironment. Using syngeneic models of 
peritoneal MM, Miselis and colleagues clearly 
demonstrated the contribution of tumor- 
associated macrophages (TAMs) to tumor 
growth, invasion, and metastasis [53]. Dynamic 
mechanisms too have been proposed, by which 
progressive accumulation of host immune and 
stromal cells and expression of inflammatory 
mediators support tumor progression [54, 55].

6.3.4  Genetically Engineered 
Models

Less than 10% of people exposed to asbestos 
develop MM, suggesting that additional factors 
are needed for its pathogenesis. Genetically this 
neoplasm is characterized by frequent somatic 
lesions, mainly in the NF2, CDKN2a/ARF, and 
BAP-1 loci which are recognized as the main 
drivers of tumorigenesis [56]. Introducing genetic 
alterations in the mouse genome has led to the 
development of transgenic mice as animal mod-
els for MM studies.

Mutations of the p53 tumor suppressor gene 
are rarely reported in MM; nevertheless, p53- 
deficient mice showed a higher incidence and 
faster tumor progression than wild-type mice [57, 
58].

Altomare et  al. described a mouse model 
obtained by exposing heterozygous Nf2(+/−) mice 
to repeated asbestos treatments. They observed 
higher susceptibility to MM, with an incidence of 
85% in Nf2(+/−) and 59% in Nf2(+/+) mice and mean 
survival time of 44 and 56 weeks, respectively. 
The tumors recapitulated the main molecular fea-
tures of the human disease including activation of 
Akt; homozygous deletion of the tumor suppres-
sor genes p16(Ink4A), p14 (ARF)/p19(Arf), and 
p15(Ink4B); and loss of the Nf2 protein/Merlin 
[59].

Ink4a(+/−)
, Arf(+/−), and Ink4a;Arf(+/−) geneti-

cally modified mice were used to examine the 
impact of these mutations on MM development 
after asbestos exposure, showing that the inacti-
vation of Arf but not of Ink4a may be required for 
the pathogenesis of MM.  In heterozygous 
Ink4a;Arf(+/−) mice, biallelic inactivation of the 
two tumor suppressor genes after asbestos expo-
sure was observed, together with accelerated 
tumorigenesis, in accordance with the data 
obtained in a conditional mouse model of MM in 
which the adeno-Cre-mediated homozygous loss 
of Ink4a and Arf caused MM without asbestos 
exposure [60].

BAP1 somatic mutations were first reported in 
MM in 2011 [61]. The same year germline muta-
tions of BAP1 were discovered in two US fami-
lies with a high incidence of MM after modest 
levels of asbestos exposure [62]. Germline muta-
tions of BAP1 were observed also in a European 
family with four cases of MM without any known 
exposure to asbestos [63], thus leading to the idea 
that BAP1 mutation may drive MM development 
even without exposure to the carcinogen. Three 
different heterozygous Bap1 mouse models were 
generated (a Bap1-null model and two knock-in 
models carrying mutations analogous to those 
reported in the two US families). Overall, these 
mutants shared an increased susceptibility to 
MM after peritoneal injection of asbestos. The 
incidence of MM was double and the median sur-
vival time shorter in Bap1-mutants than wild- 
type mice. Without asbestos exposure, 
spontaneous tumors were observed in about two- 
thirds of Bap1 mice, but only two developed 
MM, supporting the fundamental role of the 
interaction between genes and environment in 
MM pathogenesis [64].

These genetically modified models have 
given further knowledge of the MM pathogen-
esis, development, and molecular biology, but 
they are not suitable for pharmacological stud-
ies because of the high incidence of spontane-
ous unrelated tumors and the incomplete 
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penetrance of MM that does not occur in all the 
animals. To overcome these problems, Robinson 
et al. generated the MexTAg mice, specifically 
expressing the large T antigen of SV40  in 
mesothelial cells. After asbestos exposure, all 
these mice developed MM, with a very low 
incidence of other tumors, so they are suitable 
for testing new therapeutic or chemopreventive 
strategies [65].

6.3.5  In Vivo Imaging of Orthotopic 
Models

Subcutaneous tumors can be easily monitored 
using a caliper giving an immediate estimate of 
the tumor growth and consequently of drug 
response. This is not possible for orthotopic mod-
els where the tumor burden could only be evalu-
ated at autopsy.

In recent years the development of imaging 
techniques suitable for small animals, such as 
computed tomography, positron emission tomog-
raphy (PET), magnetic resonance imaging 
(MRI), and optical imaging, has made possible to 
measure tumor growth in orthotopic models 
overcoming one of the main disadvantages of 
these models, which is, of course, that one cannot 
measure tumor growth directly as in the subcuta-
neous models.

The first attempt to follow the tumor growth 
after intrathoracic injection of MM cells in rats 
used chest X-ray analysis to confirm the occur-
rence of the disease and to detect pulmonary 
and pleural abnormalities. A radiographic score 
was applied and correlated with the clinical sta-
tus of the animals [46]. More recently, PET has 
been used to image tumor growth in preclinical 
MM models [66, 67]. Unfortunately, despite its 
 translational potential from small animals to 
humans, this technique requires expensive 
equipment and a cyclotron for radionuclide 
production limiting its application to facilities 

associated with clinical centers. Optical imag-
ing can visualize tumor growth by detecting 
fluorescent or luminescent signals from tumor 
cells genetically modified to express luciferase 
or fluorescent proteins. Although this approach 
is not translationable to the clinic, optical imag-
ing is more suitable for small laboratories since 
it is more cost-effective and allows rapid and 
sensitive imaging. Different models of MM 
were established that can be visualized with 
bioluminescence [68, 69] or fluorescence [70]. 
An interesting approach was described by 
Meerang et al. combining bioluminescence and 
MRI, the latter providing reliable quantification 
of the tumor burden together with anatomical 
information [71].

6.3.6  Applications for In Vivo 
Malignant Mesothelioma 
Models

MM has a complex microenvironment, with a 
complicated network between tumor cells, stro-
mal cells, and infiltrating immune cells. Cytokines 
and growth factors reciprocally influence the 
behavior of the different cell populations, result-
ing in a very aggressive and poorly chemosensi-
tive neoplasm. Vázquez et  al. observed a 
discrepancy between the in vitro and in vivo sen-
sitivity of human MM models, further supporting 
the important role of the tumor microenviron-
ment [72]. Therefore animal models are needed 
to study the mechanism of the pathogenesis of 
MM, the contribution of genetic mutation and 
inflammation to tumor progression, and new 
therapeutic or chemopreventive strategies. 
Animal models are also used to confirm biomark-
ers or molecular targets identified in vitro, before 
their clinical validation. The animal models 
described here, with their advantages, disadvan-
tages, and main applications, are summarized in 
Table 6.2.
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Table 6.2 Summary of the main pros and cons of MM animal models and their main application in preclinical research

Advantages Disadvantages Main applications
Transplantable 
models

Site of inoculum
Subcutaneous •  Easy grafting 

procedure
•  Easy assessment of 

tumor growth

•  Different 
microenvironment

•  No metastasis
•  Drug response may be 

different from 
orthotopic models

Pharmacological 
studies: efficacy, 
pharmacokinetic, and 
pharmacodynamic 
evaluation
Identification of 
predictive biomarkers 
(xenograft models)
Development of new 
immunotherapies 
(syngeneic models)

Orthotopic •  Anatomical site that 
allows more 
patient-like tumor 
growth and 
dissemination

•  Microenvironment 
more similar to the 
clinic

•  Pleural effusion or 
ascites may occur

•  Technical procedure 
for intrapleural grafting 
may be difficult and 
risky

•  Impossible to measure 
tumor size directly

•  Needs of in vivo 
imaging techniques to 
follow tumor growth

Animal background
Cell line-derived 
xenografts

•  Human cell lines 
maintain most of 
the molecular 
features of the 
human tumor.

•  Reproducible tumor 
growth

•  Immortalized cell lines 
may lose the 
heterogeneity typical 
of human tumors

•  Long-term culturing 
may lead to a genetic 
drift, limiting clinical 
predictivity

•  Immunocompromised 
host does not fully 
reproduce the complex 
tumor 
microenvironment

Patient-derived 
xenografts 
(PDX)

•  Maintain the main 
histological features 
of the human 
disease, even the 
stromal component

•  The heterogeneity 
of the original 
tumor is at least 
partly preserved

•  Less genetic drift

•  Establishment of PDX 
biobank is expensive 
and time-consuming

•  Progressive drift from 
primarily human to 
primarily mouse 
stroma component

•  Immunocompromised 
host

Syngeneic •  Rapid and 
reproducible tumor 
growth

•  Fully 
immunocompetent 
host

•  In vitro immortalized 
cell lines

•  Response to therapy 
may be different from 
that of human 
mesotheliomas
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6.4  Conclusions

Several preclinical models of MM are available 
in vitro and in vivo, each with its strengths and limi-
tations. The intrinsic inability of models to ade-
quately reproduce tumor heterogeneity and/or the 
tumor microenvironment, together with our inade-
quate knowledge of the genomic and epigenetic 
alterations of MM, is the main reason for the broad 
gap between the good results in some preclinical 
models and the poor outcomes in clinical studies.

While continuing our efforts to obtain optimal 
preclinical tools, full characterization of MM 
patients and in vitro/in vivo models is mandatory 

to permit correlations with drug responses. New 
technologies are now available that help unravel 
the molecular alterations behind this disease and 
the complex links between the neoplastic cells 
and the host components that appear to be vital 
for the clinical behavior of MM.  In addition, 
more research is needed to clarify the mecha-
nisms behind the chemoresistance of MM in vivo 
that could be also related to pharmacokinetic fac-
tors, such as insufficient or heterogeneous drug 
distribution in the tumor tissue [73].

At the moment, given the absence of “perfect” 
MM models, specific attention must be paid to 
the selection of the right test systems to be used 

Table 6.2 (continued)

Advantages Disadvantages Main applications
Asbestos-induced 
models

Wild-type 
background

•  Use of the same 
carcinogen as in 
humans

•  The tumors 
reproduce the 
morphology, 
growth pattern, and 
clinical behavior of 
the human disease

•  Low incidence and 
very long latency

•  Need of in vivo 
imaging techniques to 
follow tumor growth

•  Possible development 
of some other cancer 
type depending of the 
site of asbestos 
injection

Test the 
carcinogenicity of 
asbestos and 
asbestos-like fibers
Understanding the 
pathogenic 
mechanisms of 
mesothelioma
Identify early 
biomarkers of 
mesothelioma
Study the genetic 
contribution to 
mesothelioma 
development
Chemopreventive 
studies
Pharmacological 
studies (MexTAg 
model)

Genetically 
modified 
background

•  Use of the same 
carcinogen as in 
humans

•  The tumors 
reproduce the 
morphology, 
growth pattern, and 
clinical behavior of 
the human disease

•  Higher incidence 
(up to 100% in 
MexTAg mice) and 
shorter lag time 
than wild-type mice

•  Reproduce some of 
the most common 
genetic lesions 
observed in human 
mesothelioma

•  Needs of in vivo 
imaging techniques to 
follow tumor growth

•  Occurrence of 
spontaneous cancers 
(model-dependent)

•  Response to therapy 
may be different from 
that of human 
mesotheliomas
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on the basis of the research hypothesis. As a gen-
eral suggestion, the experimental data should be 
reproduced in multiple models in order to com-
pensate their unavoidable shortcomings, thus 
verifying the strength and clinical relevance of 
the obtained results.
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7.1  Introduction

Diffuse malignant mesothelioma is an aggressive 
and fatal tumor that arises from the mesothelial 
cells lining the thoracic, pericardial, abdominal, 
and tunica vaginalis cavities. More than 90% 
of the reported cases of mesothelioma occur in 
the pleura, 4–7% in the peritoneum, and fewer 
than 1% jointly occurring in the pericardium and 
tunica vaginalis testis [1].

Diffuse malignant mesothelioma is a rela-
tively rare tumor and its diagnosis is extremely 
uncommon for some general pathologists, who 
could remain unfamiliar with this diagnosis for 
their entire careers. This neoplasm has received 
a great deal of attention because of its relation-
ship to occupational and environmental exposure 
to asbestos, which represents the main risk for 
malignant pleural mesothelioma (MPM), with a 
latency period of approximately 40 years between 
fiber exposure and onset of the disease [2, 3]. 
Therefore, two important aspects associated with 

the diagnosis of diffuse malignant mesothelioma 
are on the one hand the medicolegal implications 
and, on the other hand, the enormous prognostic 
weight of this diagnosis related to the dismal out-
come of almost all affected patients.

The serosal tissues are home to a broad 
spectrum of tumors and tumor-like conditions. 
Primary serous tumors have been classified on 
the basis of the anatomic site (pleura versus peri-
toneum), but no ideal classification system exists. 
Alongside diffuse malignant mesothelioma, other 
even rarer mesothelial neoplasms have shown 
not to be caused by asbestos exposure and which 
have different prognoses and treatments [4, 5]. 
These neoplasms include localized mesotheli-
oma, well-differentiated papillary mesothelioma, 
cystic mesothelioma, and adenomatoid tumor.

In the present chapter, major issues concerning 
the pathological diagnostic approach of mesothe-
lioma are reviewed, with special emphasis on 
the use of immunohistochemical and molecular 
markers. In particular, the cytological features 
of malignancy and the histological patterns of 
mesothelioma (both diffuse malignant mesothe-
lioma and other mesotheliomas) are described to 
assist pathologists in this challenging diagnosis. 
This chapter aims to address crucial diagnostic 
problems related to the differential diagnosis of 
much more common lesions that mimic diffuse 
malignant mesothelioma, especially fibrous pleu-
ritis and reactive mesothelial hyperplasia, as well 
as metastatic malignant tumors.
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7.2  Diffuse Malignant 
Mesothelioma

The diagnosis of diffuse malignant mesothe-
lioma remains difficult and should use morpho-
logical assessment within an appropriate clinical 
and radiological context, and be supplemented 
by ancillary diagnostic techniques, in particu-
lar, immunohistochemistry and, more recently, 
molecular tests.

The most common cause of malignant meso-
thelioma is asbestos exposure. Other established 
causes include radiation, environmental expo-
sure to mineral fiber erionite (in a localized area 
of Turkey), and simian virus 40 inoculation. 
Moreover, some mesotheliomas do not have an 
identifiable cause [6–8]. Therefore, in the pres-
ence of adequate pathologic tissue, a history of 
asbestos exposure must be irrelevant and should 
not be taken into consideration by the pathologist 
when confirming or excluding malignant meso-
thelioma [9].

Gross distribution of the tumor is a critical 
feature in the accurate diagnosis of mesothelioma 
and mostly depends on when a mesothelioma is 
observed during its natural history. Malignant 
pleural mesothelioma tends to grow over the sur-
face of the pleura, predominantly on the parietal 
pleura. As the tumor progresses, the nodules tend 
to converge, and eventually encase the lung in a 
shell of tumor cells [4]. Although diffuse malig-
nant pleural mesothelioma typically occurs with 
lung encasement and relative sparing of lung 
parenchyma, pathologists should be aware of 
unusual presentations, including mesothelioma 
cases with absent or scarce pleural involvement 
and presentation as metastatic disease or mimic 
of interstitial lung diseases [10].

Diffuse malignant peritoneal mesothelioma in 
its early stages consists of several small nodules 
and plaques, indiscernible from those of carci-
nomatosis peritonealis [11]. In advanced stages, 
peritoneal mesothelioma encases the abdominal 
viscera and the invasion of underlying structures 
like the outer layer of the intestine is not unusual. 
Occasionally, there is an involvement of both the 
pleural and peritoneal cavities, making it difficult 
or impossible to determine the primary site.

On imaging or pleuroscopy/laparoscopy, the 
description of the serosa (pleura, peritoneum, 
hydrocele) is useful in the diagnosis of mesothe-
lial lesions in order to decide whether a prolif-
eration is truly malignant. As regards the pleural 
site, circumferential pleural thickening involving 
the mediastinal pleura on computed tomography 
scan as well as nodular pleural thickening is gen-
erally malignant [12]. A pathologist should be 
extremely careful to diagnose a mesothelioma 
if the pleuroscopist or the laparoscopist assesses 
that the serosa does not present any lesions.

The pathological approach to diffuse malig-
nant mesothelioma lesions should always be 
based on the results obtained from adequate sero-
sal biopsies (less commonly from cytology) in 
terms of both tissue quality and quantity. Since 
the key indicator of malignancy remains the inva-
sion of pre-existing tissue, multiple, large, and 
deep serosal biopsies comprising stroma are nec-
essary (Figs. 7.1 and 7.2). Overall, the larger and 
more targeted is the biopsy, the more likely it is to 
perform a correct and definitive diagnosis. In this 
respect, thoracoscopy or laparoscopic biopsies 
are considered the preferred biopsy techniques 
to obtain adequate tissue samples. However, 
ultrasound- guided and computed-tomography- 
guided biopsies may have a high diagnostic yield 
(up to 90%) [13–15]. In cases of thoracoscopic 
biopsies, a minimum of five biopsies is recom-
mended comprising soft tissues of the parietal 
pleura or of the lung [13].

7.2.1  Histological Features 
of Diffuse Malignant 
Mesothelioma

Diffuse malignant mesothelioma is a heteroge-
neous tumor, which includes three main histolog-
ical subtypes divided into epithelioid (60–80%), 
sarcomatoid (<10%), and biphasic (mixed) 
(10–15%), according to the 2015 World Health 
Classification of Lung and Pleural Tumors [4, 
9, 16]. A variety of patterns may be observed 
in each of these major categories and this can 
result in significant diagnostic problems owing 
to the range of tumors that can enter in differ-
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ential diagnosis. The recognition of the various 
patterns will guide the differential diagnosis and 
selection of subsequent ancillary tests. Some of 
these morphological variants have been shown 
to correlate with overall survival (see below). 
Therefore, a microscopic description of the pat-
terns present in the specimen may be useful, but 
the major histologic subtype must be provided in 
the final diagnosis.

Table 7.1 reports the histological classification 
of diffuse malignant mesothelioma.

Epithelioid mesothelioma displays a wide 
range of histological patterns, and several distinct 
patterns have been observed in the same neo-
plasm, although one pattern may predominate. 
The most common secondary histological pat-
terns of epithelioid diffuse malignant mesothe-
lioma are tubulopapillary, solid, and trabecular; 

Fig. 7.1 Thorascopic 
biopsy showing frank 
invasion of the chest wall 
soft tissue by epithelioid 
diffuse malignant 
mesothelioma 
(hematoxylin–eosin, 
original magnification ×40)

Fig. 7.2 Higher power 
showing epithelioid 
subtype of diffuse 
malignant pleural 
mesothelioma clearly 
invading fat (hematoxylin–
eosin, original 
magnification ×100)
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psammoma bodies may be present in any of these 
patterns. Other less common patterns include 
micropapillary, adenomatoid (microcystic), clear 
cells, transitional, deciduoid, small cells, and 
lymphohistiocytoid [4, 16–18].

The morphologic features of the individual 
tumor cells may show mild to marked atypia and 
varying degrees of mitotic activity; the mitoses are 

infrequent except for the more poorly differenti-
ated neoplasms, which are also uncommon [9].

Tubulopapillary and adenomatoid variants 
generally contain cuboidal or low columnar 
cells that are typically bland with open nuclei 
and eosinophilic cytoplasm, which often mimic 
reactive mesothelial cells occurring in response 
to various types of injury. In the tubulopapil-
lary pattern, the tumor cells border the tubules 
or papillae and form on fibrovascular connective 
tissue cores or delicate epithelioid cell papil-
lae devoid of stroma (Figs.  7.3 and 7.4). The 
tubules often contain thin basophilic secretions 
consisting of hyaluronic acid. The adenoma-
toid variant is characterized by tumor cells that 
develop microcystic areas or lace-like structures 
(Figs.  7.5 and 7.6). Epithelioid mesothelio-
mas also grow as solid sheets or nests of large 
polygonal tumor cells in a desmoplastic stroma 
(Fig. 7.7). In some cases, the tumor cells of the 
solid pattern may be rather pleomorphic with 
giant anaplastic tumor cells. When the latter are 
prominent (more than 10% of the tumor), the 
term pleomorphic variant of malignant mesothe-
liomas is used (Fig.  7.8). Recently, two differ-
ent studies have demonstrated that this pattern 
has a highly aggressive behavior and poor sur-
vival, like that of sarcomatoid MPM [17, 19, 20]. 

Table 7.1 Histologic classification of malignant 
mesothelioma

Epithelioid
  Tubulopapillary
  Solid
  Trabecular
  Micropapillary
  Adenomatoid (microcystic)
  Clear cell
  Transitional
  Deciduoid
  Small cell
  Pleomorphic
  Lymphohistiocytoid
Sarcomatoid
  Fibrosarcomatoid
  Heterologous elements
  Lymphohistiocytoid
  Desmoplastic
Biphasic (mixed)

Fig. 7.3 Diffuse 
malignant mesothelioma, 
epithelioid subtype. Low 
power showing 
tubulopapillary variant 
(hematoxylin–eosin, 
original magnification ×40)
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These sheets of tumor cells may present abun-
dant glassy eosinophilic cytoplasm with dis-
tinct cell borders. This pattern is referred to as 
deciduoid mesothelioma, a high- grade subgroup 
showing a much more aggressive clinical course 
[17, 21]. Although a histological grading system 
has not yet been validated for diffuse malignant 
mesothelioma, preliminary data strongly suggest 

that mitotic count and especially nuclear grade, 
including nuclear atypia, are independent poor 
prognostic factors [22].

Less commonly, in some epithelioid mesothe-
liomas, the tumor cells may be quite small, a pat-
tern that has been described as small-cell variant 
[23]. These latter neoplasms look quite different 
from small-cell lung carcinoma with which they 

Fig. 7.4 Diffuse 
malignant mesothelioma, 
epithelioid subtype; 
tubulopapillary variant 
(hematoxylin–eosin, 
original magnification 
×100)

Fig. 7.5 Diffuse 
malignant mesothelioma, 
epithelioid subtype; 
adenomatoid variant with 
microcystic areas 
(hematoxylin–eosin, 
original magnification ×40)
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should not be confused. Other rare patterns show 
clear, signet ring, or rhabdoid cells [18].

The fibrous reactive stroma present in epithe-
lioid mesothelioma can be scant or prominent, 
with various grades of cellularity that could make 
the distinction from true sarcomatoid component 
difficult. In these cases, BRCA1-associated pro-
tein 1 (BAP1) expression by immunohistochem-

istry can be helpful, showing a loss of expression 
in areas of sarcomatoid mesothelioma [24].

Sarcomatoid mesothelioma is the least com-
mon but most aggressive of the histological types 
of mesothelioma [25]. The sarcomatoid sub-
type of diffuse malignant mesothelioma is usu-
ally characterized by the proliferation of spindle 
cells arranged in fascicles, which can have a her-

Fig. 7.6 Diffuse 
malignant mesothelioma, 
epithelioid subtype. Higher 
power of adenomatoid 
variant (hematoxylin–
eosin, original 
magnification ×100)

Fig. 7.7 Diffuse 
malignant mesothelioma, 
epithelioid subtype; solid 
variant (hematoxylin–
eosin, original 
magnification ×40)
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ringbone pattern conveying a fibrosarcomatous 
appearance, or can be arranged in a haphazard 
distribution (Figs. 7.9 and 7.10). The cells usu-
ally show fusiform or plump nuclei with various 
grades of atypia and mitotic activity. In a very 
small number of sarcomatoid diffuse malignant 
mesotheliomas, heterologous elements such as 
osteosarcomatoid, rhabdomyosarcomatous, or 

chondrosarcomatoid differentiation are observed 
[16, 26]. Some sarcomatoid mesotheliomas show 
atypical giant cells with large, bizarre, and hyper-
chromatic nuclei that can mimic undifferentiated 
high-grade pleomorphic sarcomas [19].

Desmoplastic diffuse malignant mesothe-
lioma is the rarest pattern (<2%) and is charac-
terized by proliferation of the bland spindle cells 

Fig. 7.8 Diffuse 
malignant 
mesothelioma, 
epithelioid subtype, 
pleomorphic variant 
with sheets of large, 
atypical epithelioid cells 
with giant cells 
(hematoxylin–eosin, 
original magnification 
×400)

Fig. 7.9 Diffuse 
malignant mesothelioma, 
sarcomatoid subtype shows 
spindle cell proliferation 
conveying a 
fibrosarcomatous 
appearance (hematoxylin–
eosin, original 
magnification ×40)
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arranged in a “patternless” pattern within a band 
of dense collagenous stroma (Figs.  7.11 and 
7.12). This proliferation should occupy at least 
50% of the tumor to conform to the World Health 
Organization classification [4]. It is well known 
that the histological distinction between desmo-
plastic mesothelioma and benign fibrous pleuritis 
can be difficult, especially in small biopsy speci-

mens. The distinction is based on the findings of 
cellular stromal nodules and bland necroses or 
clearly epithelioid or sarcomatoid foci, in addi-
tion to the invasion of chest wall soft tissue or 
underlying lung parenchyma [16, 27].

Biphasic malignant mesothelioma is a highly 
characteristic pattern of mesothelioma con-
taining a mixture of epithelioid and sarcoma-

Fig. 7.10 Higher power 
showing diffuse malignant 
mesothelioma, sarcomatoid 
subtype (hematoxylin–
eosin, original 
magnification ×100)

Fig. 7.11 Low-power 
image of diffuse malignant 
mesothelioma, 
desmoplastic, with 
prominent hyalinized 
stroma with spindle cell 
component clearly in 
invading adipose tissue 
(hematoxylin–eosin, 
original magnification ×40)
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toid areas within the same tumor, often closely 
 intermingled (Figs. 7.13 and 7.14). Although any 
combination of the subtypes listed in Table 7.1 
is possible, these neoplasms are usually poorly 
differentiated so that well-differentiated ele-
ments are typically absent. Each pattern should 
constitute at least 10% of the neoplasm; however, 
when there is less of either, the malignant meso-

thelioma can be designated predominantly sarco-
matoid or epithelioid [16]. Needless to say, the 
more a mesothelioma is sampled, the greater is 
the possibility to reveal the biphasic nature of the 
tumor. However, pathologists should be careful 
not to confuse a benign mesothelium entrapped 
by a sarcomatoid mesothelioma or reactive 
fibrous stroma in epithelioid subtypes with a 

Fig. 7.12 Higher power 
of desmoplastic 
mesothelioma showing 
bland spindle cells 
(hematoxylin–eosin, 
original magnification 
×100)

Fig. 7.13 Diffuse 
malignant mesothelioma, 
biphasic subtype, with 
epithelioid component and 
prominent sarcomatoid 
component (hematoxylin–
eosin, original 
magnification ×40)

7 Pathological Diagnosis of Mesothelioma



108

true biphasic malignant mesothelioma. Recently, 
the  percentage of epithelioid differentiation has 
proved to be an independent predictor of sur-
vival in patients with biphasic malignant pleural 
mesothelioma and this element should probably 
be taken into account when recommending surgi-
cal treatment for these patients [28]. Therefore, 
the amount of epithelioid component should be 
provided by the pathologists in their microscopic 
description or final diagnosis.

7.2.2  Histological Features 
of Peritoneal Malignant 
Mesothelioma

The histological features of diffuse malignant 
peritoneal mesothelioma are similar to those of 
pleural mesothelioma with epithelioid and sarco-
matoid aspects. The epithelioid subtypes are more 
frequently tubulopapillary and solid patterns [9]. 
However, several site-specific issues are recog-
nized in the peritoneum. Pure sarcomatoid dif-
fuse malignant mesothelioma is quite uncommon 
in the peritoneum, accounting for only 2% out of 
326 sarcomatoid diffuse malignant mesothelio-
mas evaluated in a single study [25]. Similarly, 
the hypocellular, hyalinised,  desmoplastic vari-

ant is exceptional in this site and the incidence 
of biphasic tumors is lower than in the pleural 
disease; however, as in pleural mesotheliomas, 
the sarcomatoid and biphasic subtypes have a 
significantly poorer prognosis and are less suit-
able for treatment [29, 30].

7.3  Localized Malignant 
Mesothelioma

Localized malignant mesothelioma is an 
extremely rare tumor of the serosal membranes 
with microscopic, immunohistochemical, and 
ultrastructural features of diffuse malignant 
mesothelioma, but lacking the diffuse growth pat-
tern [31]. Fewer than 50 cases have been reported 
[31–34] and this tumor has been described more 
frequently in the pleura than in the peritoneum 
or pericardium. The mean age is approximately 
60 years and there is a slight male predisposition 
[4]. At present, the association of localized malig-
nant mesothelioma with asbestos exposure is not 
proven. Macroscopically, localized malignant 
mesothelioma is a solitary, circumscribed mass 
attached to the surface of the serosa (pleura, peri-
toneum, and pericardium) in a sessile or pedun-
culated manner. This tumor has a more favorable 

Fig. 7.14 Diffuse 
malignant mesothelioma, 
biphasic subtype, medium 
power (hematoxylin–eosin, 
original magnification 
×100)
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prognosis than diffuse malignant mesothelioma 
and requires a different type of treatment, usually 
surgical excision [31].

7.4  Well-Differentiated Papillary 
Mesothelioma

Well-differentiated papillary carcinoma is a rare 
tumor arising predominantly in the female peri-
toneum or less frequently in the tunica vaginalis 
testis in men, although similar neoplasms have 
recently been reported in the pericardium and 
pleura [4, 35–37]. No association with asbestos 
exposure has been identified. Macroscopically, 
the tumor is often characterized by multiple pel-
vic and omental nodules, ranging from 0.5  cm 
to several centimeters in size. The tumor is not 
characterized by the diffuse bulky spread of dif-
fuse malignant mesothelioma. Microscopically, 
the tumor consists of papillary structures and of 
a superficial growth pattern. The papillae show 
a more-or-less myxoid fibrovascular core and 
are lined by a single layer of uniform flattened 
to cuboidal mesothelial cells. These epithelioid 
cells often show mild atypia and have inconspic-
uous mitotic activity. The papillary lining cells 
stain appropriately with mesothelial immunohis-
tochemical markers.

Well-differentiated papillary mesothelioma 
can be differentiated from diffuse malignant 
mesothelioma by the lack of a diffuse growth pat-
tern, prominent uniform papillary architecture, 
lack of cellular stratification and cytologic atypia, 
and relative lack of invasion. Differentiation may 
thus be impossible on small biopsies. In general, 
well-differentiated papillary mesotheliomas fol-
low either a benign indolent or low-grade malig-
nant course with progressive disease extending 
over a 5- to 10-year period [4, 38].

7.5  Cystic Mesothelioma

Cystic mesothelioma or peritoneal inclusion cysts 
are alternative names given to this lesion, which 
represents a rare tumor nearly always encoun-
tered in the peritoneum, although rare pleural 

multicystic mesotheliomas have been described 
[39–42]. The lesion occurs more predominantly 
in reproductive age women, and a history of past 
pelvic surgery, endometriosis, or inflammatory 
pelvic disease is present in the majority of cases. 
There is no documented evidence that cystic 
mesothelioma is related to asbestos exposure. 
Almost all cystic mesotheliomas are benign and 
do not metastasize, although the tumor may recur 
after surgery [43].

Briefly, this tumor is composed of single or 
multiple thin-walled cysts containing gelatinous 
fluid and varying in size from a few millimeters 
to several centimeters. Histologically, the cysts 
are lined by a single layer of cuboidal or flattened 
mesothelial cells, which do not show invasion. 
The lack of histological complexity and invasion 
as well as the localized nature distinguishes this 
lesion from diffuse malignant mesothelioma.

7.6  Cytological Diagnosis 
of Malignant Mesothelioma

Recurrent serosal effusions, pleural effusions or 
ascites, are a common symptom of mesotheli-
oma, and these specimens are routinely submitted 
for cytological examination (smears and/or cell-
blocks). Extreme caution should be taken when 
diagnosing diffuse malignant mesothelioma on 
cytologic grounds alone, since exfoliative cyto-
logic preparations do not allow the evaluation 
of clear invasion, the only absolute criterion for 
malignancy. A definitive diagnosis of malignant 
mesothelioma by cytological examination alone 
remains controversial, especially in the light of 
the medicolegal implications correlated with the 
diagnosis of diffuse malignant mesothelioma [9, 
44]. However, in selected cases in which more 
invasive procedures are contraindicated, the 
cytological diagnosis of diffuse malignant meso-
thelioma, which relies on a different set of both 
cellular and architectural features and is sup-
ported by ancillary techniques, can be performed, 
although the sensitivity of cytology is low com-
pared to that of histology. In fact, the reported 
sensitivity of the mesothelioma cytology diag-
nosis ranges from 30% to 75% [45–48]. In the 
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cases in which histology is not available, a close 
correlation with clinical and imaging findings is 
also essential for a definitive diagnosis.

Not all mesothelial tumor cells exfoliate in the 
serosal cavity and mesothelioma cells in malig-
nant effusions are virtually always of epithelioid 
type. Indeed, the malignant cells in sarcomatoid 
mesothelioma are unlikely to be shed into the 
effusion fluid. Sarcomatoid mesothelioma may 
cause serosal effusions, but these are typically not 
malignant and contain only reactive epithelioid 
mesothelial cells, which may mislead the pathol-
ogist. Presumably, these effusions are caused by 
the local effects of sarcomatoid mesothelioma on 
serosal membranes and obstructive lymphatics. 
In such cases, a core biopsy or larger specimens 
are necessary to establish a definitive diagnosis, 
especially when surgery is considered, because 
the presence of a sarcomatoid component may 
influence therapeutic management [49].

Several cytological features in serosal effu-
sions raise varying levels of suspicion for 
malignant mesothelioma, such as the extent 
of mesothelial proliferation, the presence of 
papillary structures, scalloped borders of cell 
clumps, intercellular windows, variation of 
cytoplasmic staining and its density, and low 
nuclear-to- cytoplasmic ratios (Fig.  7.15). 

However, some of the cytomorphological 
findings of MPM are shared between reactive 
and malignant epithelioid mesothelial cells 
(Fig. 7.16). As a matter of fact, the malignant 
mesothelioma cells lack the significant degree 
of pleomorphism observed with carcinoma 
cells (Fig. 7.17) and are in some cases bland. 
Therefore, the differential diagnosis of meso-
thelial proliferations may be very difficult or 
even impossible to make in cytological speci-
mens, underscoring the importance of ancillary 
techniques to clarify diagnosis [9, 44].

The application of immunocytochemistry and 
molecular methods, such as fluorescent in situ 
hybridization (FISH) performed preferentially 
on cellblocks, increases the diagnostic accuracy 
of cytology [12, 50–52]. The differential diag-
nosis of malignant mesothelioma and the use of 
immunohistochemistry and molecular markers 
in cytological samples are the same as in histo-
logical specimens. Several immunohistochemi-
cal markers, such as desmin, tumor protein p53 
(p53), epithelial membrane antigen (EMA), glu-
cose transporter protein 1 (GLUT-1), insulin-like 
growth factor 2 messenger RNA-binding protein 
3 (IMP-3), and CD146, have been proposed to 
assist in uncertain cases [53–60]. However, none 
of these markers, alone or in combination, has 

Fig. 7.15 Effusion with 
epithelioid mesothelioma. 
The specimen is highly 
cellular with malignant 
mesothelial cells forming 
papillary tissue fragments 
(Papanicolau, original 
magnification ×200)
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appeared to be useful with sufficient confidence 
in the routine diagnosis of diffuse malignant 
mesothelioma [9].

Among the new ancillary tests, the homo-
zygous deletion of p16 (CDKN2A) detected 
by FISH and the loss of BAP1 expression by 
immunocytochemistry are particularly helpful to 
differentiate mesothelial hyperplasia from malig-

nant mesothelioma. These two markers were 
shown to be highly specific for mesothelioma; 
however, their low sensitivity limits their clinical 
utility [24, 61–67].

The cytological distinction between meso-
thelioma and secondary carcinoma is less prob-
lematic now than in earlier decades; overall, if 
the sample is adequate for cellblock preparation 

Fig. 7.16 Reactive 
mesothelial hyperplasia in 
effusion from a patient 
with lung infection 
(Papanicolau, original 
magnification ×200)

Fig. 7.17 Effusion from a 
patient with lung 
adenocarcinoma 
(Papanicolau, original 
magnification ×200)
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various immunohistochemical studies can be 
performed [16]. Owing to the frequent litigation 
of cases of diffuse malignant mesothelioma and 
to the availability of many mesothelial and ade-
nocarcinoma markers, the guidelines strongly 
recommend that all cases should be confirmed 
by immunocytochemistry or immunohistochem-
istry [44].

7.7  Histochemistry 
in the Diagnosis 
of Malignant Mesothelioma

Mucin histochemistry is an inexpensive and 
simple method to distinguish malignant meso-
thelioma from metastatic adenocarcinoma [68]. 
Malignant mesothelioma cells contain glycogen 
and may have vacuoles containing hyaluronic 
acid detectable by Alcian blue staining at pH 
2.5 and digestible by hyaluronidase. However, 
hyaluronic acid is found in normal mesothe-
lial cells as well as in other non-mesothelial 
tumors, so that the reaction has limited speci-
ficity. Neoplastic cells of adenocarcinoma may 
produce neutral mucin that can be highlighted 
by periodic acid–Schiff (PAS) after digestion as 
well as by Alcian blue but it is not digested by 
hyaluronidase. Mucicarmine staining highlights 
these vacuoles but may also stain hyaluronic 
acid in malignant mesotheliomas; as a conse-
quence, this type of stain should not be used for 
distinguishing adenocarcinoma from mesotheli-
oma. Another pitfall for pathologists evaluating 
histochemical stains is represented by the evi-
dence that there are rare epithelioid mesothelio-
mas able to show positive results with periodic 
acid–Schiff after digestion, as observed in ade-
nocarcinomas [69]. For the recognition of these 
limitations and for the expansion of immunohis-
tochemistry in recent years, the role of mucin 
histochemistry in the diagnosis of malignant 
mesothelioma has diminished. Therefore, the 
employment of histochemistry for the differ-
ential diagnosis of diffuse malignant mesothe-
lioma is only occasionally indicated in tumors 
showing contradictory immunohistochemical 
stain results [9].

7.8  Immunohistochemistry 
in the Diagnosis 
of Malignant Mesothelioma

Immunohistochemistry is integral to the diagnosis 
of diffuse malignant mesothelioma, representing 
the most useful and standard ancillary procedure. 
Immunohistochemistry plays an important role in 
three different areas in mesothelioma diagnosis: 
to distinguish malignant epithelioid mesothe-
lioma from metastatic epithelioid carcinoma, to 
distinguish malignant sarcomatoid mesothelioma 
from other spindle cell tumors, and to distinguish 
benign and malignant mesothelial proliferations.

The exact combination and number of antigens 
to be evaluated depends on the histopathological 
patterns of malignant mesothelioma (epithelioid/
sarcomatoid), on the diagnostic dilemma to be 
resolved, and on the antibodies available in the 
pathology laboratory [70, 71]. Since none of 
the antibodies used for the diagnosis of malig-
nant mesothelioma is 100% sensitive or specific, 
the International Mesothelioma Interest Group 
(IMIG) recommends an initial workup with an 
immunohistochemical panel comprising pancy-
tokeratin (multiple keratins, such as AE1/AE3, 
CAM5.2) plus two  mesothelial markers and two 
markers for the other tumors considered on the 
basis of morphology. If the results are concordant, 
the diagnosis could be considered established. If 
the results of this immunohistochemical panel 
are discordant, the pathologist should expand 
the panel of antibodies, again based on the dif-
ferential diagnosis to be solved [9]. The immu-
nohistochemical markers should have sensitivity 
or specificity greater than 80%, and the inter-
pretation of immunostaining should consider 
the localization of the stain (membrane, nuclear, 
cytoplasmic) and the percentage of positive cells, 
more than 10% of which have been suggested for 
cytoplasmic membranous markers [9].

Immunohistochemical staining with pancy-
tokeratin is particularly useful in the diagnosis 
of diffuse malignant mesothelioma, since all 
mesotheliomas potentially show positive results. 
However, few (approximately 5–10%) sarco-
matoid mesotheliomas are keratin-negative; in 
these cases, other mesothelial markers, such as 
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calretinin and podoplanin (D2-40), could rule 
out the exact diagnosis [17, 25]. Based on their 
sensitivity and specificity, the most useful meso-
thelial markers for MPM diagnosis are calretinin, 
Wilms’ tumor gene (WT1), cytokeratin 5/6 
(CK5/6), and D2-40 [9, 16]. However, negativ-
ity for the mentioned mesothelial antibodies does 
not exclude the diagnosis of malignant mesothe-
lioma, since 30% of these tumors present a “null” 
phenotype [13]. Table 7.2 lists the most common 
mesothelial immunohistochemical markers used.

The choice of the other immunohistochemical 
markers included in the diagnostic panel depends 
on the tumor in differential diagnosis (see next 
paragraphs for more details).

7.9  Differential Diagnosis 
of Malignant Mesothelioma

7.9.1  Differential Diagnosis 
of Benign and Malignant 
Mesothelial Proliferations

The differential diagnosis of benign and malig-
nant mesothelial proliferations is crucial for 
patient care and has medicolegal implications 

because of the occupational relationship between 
diffuse malignant mesothelioma and asbestos 
exposure [12, 71].

When histology and appropriate immuno-
histochemical stains have shown the mesothe-
lial origin of a proliferation, it is necessary to 
determine whether the proliferation is malignant 
or benign reactive, mostly for pleural lesions. 
Reactive benign mesothelial proliferations com-
prise lesions composed by both epithelioid cells 
and spindle cells; benign reactive spindle cell 
proliferations are generally fibrous pleuritis. 
Differential diagnosis is in both cases challeng-
ing, especially in small biopsy specimens. As 
emphasized earlier in this chapter, the definitive 
diagnosis of malignant mesothelioma requires 
stromal invasion and relies mostly on histologi-
cal examination, with the exception of some 
cytological specimens. Fat is the most frequently 
encountered stroma; the presence of mesothelial 
cells within fat makes the proliferation malig-
nant as well as the presence of mesothelial cells 
in muscle tissue or invasion of lung or another 
organ. However, care should be taken that the 
mesothelial cells are really in the tissue because 
occasionally artifactual “carry” can mimic inva-
sion [12].

7.9.1.1  Reactive Mesothelial 
Hyperplasia Versus Epithelioid/
Mixed Malignant Mesothelioma

Although reactive mesothelial proliferations are 
noninvasive, the entrapment of benign meso-
thelial cells within fibrous tissue can simulate 
neoplastic invasion. In the pleura and in the peri-
toneum, reactive mesothelial cell entrapment may 
be observed in patients with recurrent effusions 
of any causation due to the successive cycles of 
inflammatory stimulation, mesothelial prolifera-
tion, and reparative fibrosis. In the pleura, reac-
tive mesothelial cell entrapment may be seen in 
association with pneumothorax, previous sur-
gery, collagen vascular disease, and infections 
(Fig. 7.18). The entrapment of mesothelial cells 
in the peritoneum may be found in association 
with liver cirrhosis, ascites, and endometriosis.

Morphologic features that help distinguish 
reactive mesothelial hyperplasia from epithelioid 

Table 7.2 Immunohistochemical markers more often 
used in the diagnosis of mesothelioma

Mesothelial 
markers

Carcinoma 
markers Organ-specific markers

Calretinin BerEP4 Lung: TTF1, Napsin A
WT1 mCEA Breast: ER, PGR, 

GCDFP15, 
Mammaglobin

Podoplanin 
(D2-40)

MOC31 Renal: PAX8, PAX2

Cytokeratin 
5/6

B72.3 Gastrointestinal: 
CDX2, cytokeratin 20, 
mCEA

BG8 
(Lewis Y)

Prostate: PSA, PSMA

CD15 
(LeuM1)
Claudin-4

WT1 Wilms’ tumor gene, mCEA monoclonal carcinoem-
bryonic antigen, TTF1 thyroid transcription factor 1, ER 
estrogen receptor, PGR progesterone receptor, GCDFP15 
gross cystic disease fluid protein, PSA prostate-specific 
antigen, PSMA prostate-specific membrane antigen
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mesothelioma are zonation, extent and complexity 
of cellular proliferation, cytologic atypia, numer-
ous mitoses, and necrosis. However, these features 
may be shared between hyperplasia and mesothe-
lioma [4]. Therefore, this differential diagnosis 
is often morphologically difficult, making it nec-
essary to resort to various ancillary tests. First, 
keratin immunostaining may assist in highlighting 
invasive diffuse malignant mesothelioma cells. 
However, as mentioned above, several immuno-
histochemical markers are more likely to be posi-
tive in benign proliferations, others in malignant 
ones. These markers include desmin, p53, EMA, 
GLUT-1, IMP-3, and CD146 [53–60]. EMA, p53, 
GLUT-1, IMP-3, and CD146 are preferentially 
expressed in neoplastic mesothelium, whereas 
desmin is preferentially expressed in the reactive 
one. Table  7.3 summarizes the most commonly 
expected staining results with these antibodies. 
However, they at best are able to provide statisti-
cal differences in large series of cases and there 
is insufficient evidence they can be relied upon in 
single case [9, 52].

At present, BAP1 immunohistochemistry and 
p16 FISH represent the most effective analyses 
to discriminate between benign and malignant 
mesothelial lesions [24, 52, 61–66].

BAP1 somatic mutations resulting in pro-
tein loss appear to be common in hereditary and 
sporadic malignant pleural mesotheliomas [61]. 
There is considerable variability in the reported 
frequency of BAP1 protein loss; epithelioid/mixed 
mesotheliomas lose BAP1 more frequently than 
the sarcomatoid pattern, approximately 60–70% 
and 15%, respectively. Interestingly, recent stud-
ies have shown BAP1 protein expression in all 
benign mesothelial proliferations. Although more 
data are needed, the specificity of BAP1 loss is 
100%, making BAP1 an excellent biomarker in 
the distinction between benign and malignant 
mesothelial proliferations [24, 52, 64–66].

Fig. 7.18 Reactive 
mesothelial hyperplasia in 
a pleural biopsy with 
superficial proliferation of 
benign mesothelial cells 
(hematoxylin–eosin, 
original magnification 
×100)

Table 7.3 Immunohistochemical markers differentiating 
benign from malignant mesothelial proliferations

Desmin Claimed to mark benign proliferations
EMA Claimed to mark mesotheliomas
P53 Claimed to mark mesotheliomas
GLUT-1 Claimed to mark mesotheliomas
BAP1 Claimed to mark benign proliferation
IMP-3 Claimed to mark mesotheliomas
CD146 Claimed to mark mesotheliomas

EMA epithelial membrane antigen, GLUT-1 glucose trans-
porter-1, IMP-3 insulin-like growth factor 2 messenger 
RNA-binding protein-3, BAP1 BRCA1-associated protein 1
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Several recent studies have shown that the 
homozygous deletion of p16 by FISH is found 
only in malignant pleural mesotheliomas, whereas 
none of benign mesothelial proliferations has 
demonstrated a loss of p16 with a specificity of 
100% [52, 61–63]. However, not all mesothelio-
mas harbor this deletion, and the sensitivity for 
epithelioid/biphasic mesothelioma ranges from 
approximately 45% to 85%. The sensitivity of 
the p16 FISH test is much higher in sarcoma-
toid mesothelioma; in some works, the deletion 
is documented in up to 100% of cases, but other 
studies have reported a lower proportion of p16-
deleted sarcomatous tumors [52]. However, apart 
from the excellent specificity of these two mark-
ers, their low sensitivity limits their clinical util-
ity, as the failure to identify p16 loss by FISH, 
or BAP1 loss by immunohistochemistry, is insuf-
ficient to make a process benign. On the other 
hand, the limited sensitivity of each test may be 
improved by running both tests [67, 72, 73].

Besides BAP1 and p16, recently the immuno-
histochemical analysis of methylthioadenosine 
(MTAP) has also been evaluated for separating 
benign from malignant pleural lesions. MTAP 
encodes for a tumor suppressor and is located 
at the 9p21.3 locus very close to CDKN2A; its 
expression is frequently lost in MPM and as 
regards as the discrimination between malig-
nant and benign pleural lesions, the reported 
specificity is high with a satisfying sensitivity, 
comparable with BAP1 and p16 testing [74, 75]. 
Moreover, the availability of new techniques and 
the increasing knowledge about the mesothe-
lioma genetic landscape has led to the definition 
of some molecular panels, including genes or 
microRNAs specifically deregulated or altered in 
MPM that proved to be valuable in this kind of 
differential diagnosis, both on pleural tissues and 
effusions [74, 76, 77].

Anyway, although new effective biomarkers 
and tools for the differential diagnosis between 
malignant and benign pleural lesions have been 
successfully identified and tested, further valida-
tion is warranted. Currently, the best biomarkers 
recommended in the clinical practice to differ-
entiate malignant from benign pleural lesions 
remain BAP1 and p16 [9, 50, 74].

7.9.1.2  Fibrous Organizing Pleuritis 
Versus Desmoplastic Malignant 
Pleural Mesothelioma

Benign reactive sarcomatoid proliferations are 
mainly represented by fibrous pleuritis, so that the 
separation of benign fibrous entities from desmo-
plastic malignant pleural mesothelioma could be 
extremely difficult [9, 16, 27, 78]. Desmoplastic 
mesotheliomas are paucicellular processes that 
resemble scars or organizing pleuritis at low 
power. The invasion into adjacent tissue by neo-
plastic cells is often more difficult to visualize than 
in other histological types of malignant mesothe-
lioma. Immunohistochemistry has little value 
between benign spindle cell proliferation and des-
moplastic mesothelioma, except for pancytokera-
tin immunostaining, which helps to highlight the 
presence of malignant cells in the stromal tissue 
(Fig.  7.19). However, the pathologist should be 
careful not to confuse the true invasion of desmo-
plastic malignant mesothelioma with the fatlike 
spaces that may be present in some organizing 
pleuritis, the so-called “fat fake” phenomenon 
(Fig. 7.20) [79]. This change is the result of the 
traction artifact caused by inflammation and of 
the organization in the fibrous connective tissue. 
S-100 immunohistochemistry can be useful to 
distinguish true fat from “fake fat,” which can be 
both positive and negative [79]. Alongside stromal 
invasion, useful histological features in this differ-
ential diagnosis could include the uniformity of 
growth in organizing pleuritis with typical zona-
tion formed by increased cellular infiltrate under 
the effusion, and less cellular infiltrates with more 
fibrosis toward the chest wall. Another feature is 
the presence of pleuritis with small capillaries ori-
ented perpendicular to the surface opposite to the 
inconspicuous capillaries in the tumor. Moreover, 
desmoplastic malignant pleural mesothelioma 
could show nodular stromal expansions, foci of 
clear sarcomatoid or epithelioid subtypes, and 
bland tumor necroses [12]. The molecular analy-
sis of p16 by FISH could ameliorate the differ-
ential diagnosis of desmoplastic mesothelioma, 
owing to the high frequency of p16 homozygous 
deletion reported in the literature in this variant of 
diffuse malignant mesothelioma. On the contrary, 
immunohistochemical BAP1 loss is rarely present 
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in sarcomatous and desmoplastic mesothelioma, 
demonstrating its limited value in this setting [80].

7.9.2  Differential Diagnosis 
of Malignant Mesothelioma 
and Secondary Tumors 
Involving the Serosa

Because of the broad spectrum of histologic pat-
terns of diffuse malignant mesothelioma and the 

difficulty in the distinction from secondary neo-
plasms involving the serosa a variety of immu-
nostains have been developed to assist in this 
kind of differential diagnosis. No single antibody 
is sufficiently specific and sensitive to diagnose 
mesothelioma; consequently, the various panels 
of antibodies have been proposed to aid in the 
differential diagnosis between mesothelioma and 
other diseases with which it may be confused. 
The most important antibody of these panels is 
pancytokeratin not only to highlight the inva-

Fig. 7.20 Fake fat in a 
pleural biopsy from a 
patient with effusion and 
fibrosis (hematoxylin–
eosin, original 
magnification ×100)

Fig. 7.19 Immunohisto 
chemical study for 
pancytokeratin 
highlighting the presence 
of malignant cells in the 
adipose tissue (original 
magnification ×40)
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sion of malignant cells, but also to exclude some 
rare malignant neoplasms involving the serosa 
(lymphoma, melanoma, and sarcomas). Indeed, 
epithelioid/biphasic and most sarcomatoid meso-
theliomas stain diffusely and are strongly posi-
tive with this antibody.

7.9.2.1  Epithelioid/Mixed Malignant 
Mesothelioma Versus 
Carcinoma

The differential diagnosis between epithelioid/
mixed malignant mesothelioma and metastatic 
carcinoma to the serosa varies in relation to the 
morphological and clinical information, which 
guides the selection of the immunohistochemistry 
panel, since immunohistochemistry can greatly 
improve this diagnostic topic [9, 16, 70]. The 
most useful general carcinoma markers are the 
monoclonal carcinoembryonic antigen (CEA), 
BerEP4, CD15 (LeuM1), MOC31, BG8, clau-
din-4, and B72.3 [16, 60, 70, 71]. These mark-
ers fail to stain the majority of mesotheliomas, 
while other immunohistochemical markers can 
be used to confirm the origin of carcinoma. The 
main differential diagnosis is certainly between 
epithelioid malignant mesothelioma and adeno-
carcinoma. For pleural malignant mesothelioma, 
differential diagnosis is predominantly pul-
monary adenocarcinoma, which either spreads 
directly to the pleura or metastasizes. In this case, 
the immunohistochemical panel should include 
the markers of lung adenocarcinoma, such as the 
thyroid transcription factor 1 (TTF-1) and Napsin 
A [81]. In this context, CEA and BerEP4 may 
be useful in occasional cases showing discor-
dant immunohistochemical staining. For several 
malignant epithelioid proliferations in the pleura, 
differential diagnosis also comprises squamous 
cell carcinoma. p40 is the best marker to dis-
tinguish malignant pleural mesothelioma from 
squamous cell carcinoma, whereas CK5/6 is also 
expressed in mesothelioma and for this reason 
does not solve this diagnostic dilemma [82, 83].

Differential diagnosis for peritoneal diffuse 
malignant mesothelioma includes peritoneal car-
cinomatosis from the intestinal tract, pancreas, 
and primary and secondary (female) mullerian 
system, especially serous carcinoma. Similarly 
to pleural mesothelioma, immunohistochemical 
studies are helpful to support or exclude perito-

neal mesothelioma, but the panel of antibodies 
must be different. Adenocarcinoma of the gas-
trointestinal tract can be differentiated by CDX2 
nuclear positivity, a marker of intestinal differ-
entiation, cytokeratin 20, and monoclonal CEA 
[71]. In the female peritoneum, the differential 
diagnosis between epithelioid mesothelioma and 
serous carcinoma may be particularly complex, 
since the two tumors share clinical presentation, 
pattern of peritoneal involvement, and morpho-
logic features. In this case, the most appropriate 
panel may be the combination of calretinin, estro-
gen receptor (ER), BerEP4, and TAG-72 [84–86]. 
In males, prostate-specific antigen (PSA) and 
prostate-specific membrane antigen (PSMA)-
positive cytoplasmic staining indicate an adeno-
carcinoma of the prostate [71]. ER, progesterone 
receptor (PGR), gross cystic disease fluid protein 
(GCDFP15), and mammaglobin, if positive mark-
ers, can help distinguish malignant mesothelioma 
from metastatic breast carcinoma [87]. Other 
useful immunohistochemical markers are PAX8 
or PAX2, which show nuclear positivity in renal 
cell carcinoma as they are not expressed in meso-
thelial neoplasms [88]. Table 7.2 lists the immu-
nohistochemical markers more commonly used 
in the differential diagnosis between epithelioid/
mixed malignant mesothelioma and carcinoma.

7.9.2.2  Sarcomatoid Malignant 
Mesothelioma Versus Spindle 
Cell Malignancy

The major differential diagnoses for sarcomatoid 
malignant mesothelioma are primary and sec-
ondary sarcoma and metastatic sarcomatoid car-
cinoma [18]. The clinical history and anatomic 
distribution of the tumor are important consid-
erations; some non-mesothelial tumors, such as 
sarcomatoid carcinoma or synovial sarcoma, tend 
to be localized, while sarcomatoid mesotheliomas 
have a diffuse distribution. Immunohistochemistry 
has a more restricted role for the differential diag-
nosis of sarcomatoid malignant mesothelioma 
than for the epithelioid/mixed form, since meso-
thelial markers often show weak and focal expres-
sion, or fail to identify mesothelial differentiation. 
The most useful markers for sarcomatoid meso-
thelioma are calretinin and D2-40, which are 
expressed in a variable percentage of cases and 
which can recognize the mesothelial origin of the 
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neoplasm [13, 70]. Most sarcomatoid/desmoplas-
tic malignant mesotheliomas are strongly positive 
for cytokeratins, whereas most sarcomas are ker-
atin-negative; thus, consistent keratin immunos-
taining combined with calretinin and D2-40 could 
be useful to distinguish spindle cell mesothelioma 
from sarcoma of a different lineage [89–91]. 
Occasionally, the expression of muscle mark-
ers (muscle-specific actin, smooth muscle actin, 
desmin) and/or neural markers (S-100, neuron- 
specific enolase) can be observed in sarcomatoid 
mesothelioma. It follows that the demonstration 
of positive staining for keratin and mesothelial 
markers is essential to confirm the diagnosis of 
malignant mesothelioma [26]. Positive results for 
keratins alone do not rule out a metastatic sarco-
matoid carcinoma; in this regard, the positivity for 
mesothelial markers (calretinin, D2-40) supports 
the diagnosis of sarcomatoid mesothelioma [70]. 
There are some keratin-positive sarcomas, such as 
angiosarcoma and monophasic synovial sarcoma 
and in these cases, the expression of specific lin-
eage markers and the presence of characteristic 
genetic changes could solve some diagnostic 
issues [89–91]. For example, the differential diag-
nosis between sarcomatoid diffuse malignant 
mesothelioma and synovial sarcoma is extremely 
complex; indeed, monophasic synovial sarcoma 
may express keratin as well as some mesothelial 
markers, such as calretinin and CK5/6. However, 
a definitive diagnosis can only be made by cytoge-
netic analysis for the demonstration of the trans-
location between chromosomes X and 18. This 
translocation is present in over 90% of synovial 
sarcomas and is not reported in diffuse malignant 
mesothelioma. For this reason, the identification 
of the t(X;18) translocation is of great aid when 
this entity enters differential diagnosis [92].

7.10  Conclusions

The diagnostic process of malignant mesothe-
lioma is complex and can be one of the great-
est challenges faced by the practicing surgical 
pathologist. Although mesothelioma is a rare 
tumor, its diagnosis has a severe progno-
sis and always entails important medicolegal 

 implications. The pathologist should carefully 
evaluate the clinical, radiological, and patho-
logical features. However, a history of asbestos 
exposure should not be taken into consideration 
when confirming or excluding mesothelioma. 
Diffuse malignant mesotheliomas must be dif-
ferentiated from localized malignant mesothe-
liomas, which have different clinical behaviors. 
The definitive pathological diagnosis of diffuse 
malignant mesothelioma usually requires a tis-
sue specimen (and, less frequently, cytology) 
to demonstrate that the tumor has a mesothelial 
phenotype and that it shows neoplastic inva-
sion as opposed to reactive mesothelial hyper-
plasia. Evidence of malignant mesothelioma on 
cytological examination should be confirmed 
by histological analysis, or if biopsy is not fea-
sible, cytological diagnosis should be always 
supported by clinical, radiological, and surgi-
cal findings. Identification of the histological 
appearance (epithelioid, biphasic, sarcomatoid) 
of diffuse malignant mesothelioma should be a 
standard histopathological practice. Indeed, it 
could facilitate diagnosis and provide important 
information about the clinical outcome since the 
histological subtype is still the best predictor of 
prognosis.

Immunohistochemistry is fundamental for the 
diagnosis and differential diagnosis of malig-
nant mesothelioma. The immunohistochemical 
approach should rely on the application of a panel 
including positive (mesothelial-related) and neg-
ative markers, as suggested by morphology and 
clinical information when available. Moreover, 
molecular analysis, such as a fluorescent in situ 
hybridization assay for the p16 homozygous 
deletion, is more widely available and could be 
useful in selected cases, distinguishing benign 
from malignant pleural proliferations.
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Tissue and Circulating Biomarkers 
in Mesothelioma

Paolo Andrea Zucali

8.1  Introduction

In the worldwide, many million people have 
been exposed to asbestos leading to a continuous 
increase of morbidity and mortality by malig-
nant pleural mesothelioma and a high number of 
individuals at risk of developing this fatal pleural 
disease [1].

It was demonstrated that early diagnosis 
significantly improves overall survival [2–4]. 
Unfortunately, malignant pleural mesothelioma 
is mostly diagnosed at an advanced stage when 
it is untreatable with the available therapeutic 
strategies.

The search for the malignant pleural mesothe-
lioma biomarkers has been ongoing for the last 
30 years. In fact, tumor biomarkers can play an 
important role not only in the screening (for the 
early detection of disease), diagnosis, and prog-
nosis, but also in the predictive and monitoring 
treatment response.

Currently, the available tissue and serological 
diagnostic biomarkers are characterized by rela-
tively poor sensitivity and specificity preventing 
the use of reliable tools both for identification of 
individuals exposed to asbestos and other carci-
nogenic fibers and for early detection in patients 
who are developing malignant mesothelioma [5]. 

It is possible to categorize the diagnostic biomark-
ers as the following: historical tissue biomarkers 
of malignant mesothelioma, including immuno-
histochemical ones, such as glucose transporter 1 
(GLUT-1), tumor protein p53 (p53), desmin, epi-
thelial membrane antigen (EMA), insulin like-
growth factor II messenger RNA- binding protein 
3 (IMP-3) [6–14]; emerging tissue biomarkers 
such as the BRCA1 associated protein 1 (BAP-
1) and the cyclin dependent kinase inhibitor 2A 
(CDKN2A) gene, better known as p16 [15]; solu-
ble biomarkers, such as mesothelin and fibulin-3 
[16–22]. More recently, a list of new biomark-
ers, including signature based on microRNA and 
messenger RNA expression, DNA, molecular 
panels and classification algorithms, and anti-
body targets, are being proposed for malignant 
mesothelioma [5, 23–28]. Moreover, with the 
advent of targeted therapy and the rapid progress 
in immunotherapy for the treatment of malignant 
mesothelioma, it is required to extend biomarker 
discovery and validation to an individualized 
approach to assess a patient’s suitability to these 
treatments.

8.2  Tissue Biomarkers

In agreement with the current studies and con-
sensus reports, the most important markers in 
the diagnosis of malignant pleural mesothelioma 
are the tissue “mesothelioma markers” calretinin 
(CR), cytokeratin 5 (CK 5), podoplanin (PDP), 
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and Wilms’ tumor-1 protein (WT1) (Table 8.1). 
Other tissue mesothelioma markers with a diag-
nostic/prognostic role are mesothelin, GLUT-1, 
p53, desmin, EMA, IMP-3, BAP-1, and p16. 
Moreover, a plethora of downregulated and 
upregulated genes and regions of chromosomal 
gains and losses were discovered with the aim to 
identify specific tumor signatures versus normal 
tissue. Finally, it was shown that immunoscore is 
a potential prognostic biomarker also in malig-
nant pleural mesothelioma.

8.2.1  Calretinin

Calretinin is a calcium-binding protein belonging 
to the EF-hand family [29]. Among the immuno-
markers, CR seems to be the most valuable in dif-
ferentiating malignant mesothelioma from lung 
and breast adenocarcinoma, provided that only 
widespread nuclear reaction is considered posi-
tive [30, 31]. Calretinin is useful for the diagnosis 
of epithelioid malignant mesothelioma because 
its expression is low in the areas with sarcoma-
tous differentiation and it has limited value in dis-
criminating malignant mesothelioma from serous 
or squamous carcinomas [30, 32].

8.2.2  Cytokeratin 5

Cytokeratins are intermediates filaments (more 
than 70 CK subtypes have been identified) located 
in the cytoplasm of epithelial cells and subsets 
of non-epithelial cells (including mesothelial 
cells) [32]. The positivity of CK5 is detectable 
in the large majority of malignant mesotheliomas 
but also in squamous cell carcinoma, basal-like 
breast carcinoma, ovarian serous and endometri-
oid carcinoma whereas lung and breast adenocar-
cinomas are mostly negative [33, 34].

8.2.3  Podoplanin

Podoplanin is a sialoglycoprotein detectable 
in podocytes, involved in embryogenesis and 
expressed in several normal tissues, includ-
ing lymphatic endothelial cells and mesothe-
lium [35]. The expression of PDP is frequent in 
malignant pleural mesothelioma, seminoma, and 
angiosarcoma while it is less frequent in breast 
adenocarcinomas and rare in lung carcinomas 
[35]. For this reason, PDP has an important role 
in differentiating malignant pleural mesothelioma 
from adenocarcinoma [36, 37]. The  expression of 

Table 8.1 Tumor tissue biomarkers

Biomarker Methods Role Results
Calretinin IHC – TM Diagnostic/prognostic Diagnosis epithelioid histology; worse prognosis
Cytokeratin 5 IHC Diagnostic Diagnosis MPM
Podoplanin IHC Diagnostic Differentiate MPM from ADK
WT1-Protein IHC Diagnostic/predictive Differentiate MPM from ADK; potential therapeutic target
GLUT1 IHC Diagnostic Diagnosis of malignancy
p53 Protein IHC Diagnostic Diagnosis of malignancy
Desmin IHC Diagnostic Diagnosis of benignity
EMA IHC Diagnostic Diagnosis of malignancy
IMP-3 ICH Diagnostic/prognostic Diagnosis of malignancy; worse prognosis
p16 gene FISH Diagnostic Diagnosis of MPM
BAP-1 IHC - FISH Diagnostic/prognostic Diagnosis of MPM; good prognosis
Mesothelin IHC Diagnostic/predictive Diagnosis of MPM; therapeutic target
CD8+TILs IHC Prognostic Good prognosis
CD20+Ls IHC Prognostic Good prognosis
CD163+TAMs IHC Prognostic Worse prognosis
IL-7R+ IHC Prognostic Worse prognosis
PD-L1 IHC Prognostic/predictive Worse prognosis; therapeutic target

IHC immunohistochemistry, TM Tissue Microarray, MPM malignant pleural mesothelioma, ADK adenocarcinoma
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PDP is possible in squamous and serous carci-
noma whereas it is contradictory in areas with 
sarcomatous differentiation, limiting its discrimi-
natory value in these cases [35, 38–40].

8.2.4  Wilms’ Tumor-1 Protein

The WT1 is a tumor suppressor gene that 
encodes the nuclear WT1 protein. The sup-
pressor role of WT1 protein is dependent on 
the presence of wild-type p53. In fact, in the 
absence of p53, WT1 protein acts as an activa-
tor [41]. Its expression is normally detectable in 
developing human organs but overexpressed in 
leukemia and some solid tumors, such as breast 
cancer and malignant mesothelioma [42–44]. 
For this reason, WT1 protein is a biomarker for 
malignant mesothelioma useful to differenti-
ate lung adenocarcinoma but not breast adeno-
carcinoma [34]. Moreover, WT1 expression is 
contradictory in non- epithelial mesothelioma 
and of limited discriminatory value to distin-
guish between malignant mesothelioma and 
serous carcinoma [31, 45, 46]. The WT1 has 
also been suggested as a potential therapeutic 
target for malignant mesothelioma considering 
its unique overexpression, as well as a negative 
prognostic factor in peritoneal malignant meso-
thelioma [47].

8.2.5  Glucose Transporter 1 GLUT-1

The glucose transporter 1 is a member of the 
mammalian facilitative GLUT family of pas-
sive carriers functioning as an energy-indepen-
dent system for the glucose transport. GLUT-1 
is considered a marker of malignancy and it is 
overexpressed in a variety of tumors [48]. This 
biomarker showed a high specificity for malig-
nant pleural mesothelioma (90–100%), while its 
sensitivity values ranged from 21% to 85% [7–9, 
49]. If positive, GLUT-1 is informative for malig-
nancy only because the absence of immune- 
reactivity does not exclude malignant pleural 
mesothelioma diagnosis.

8.2.6  Tumor Protein p53

The protein p53 is a tumor suppressor with a cru-
cial role in the development of cancer. Its nuclear 
accumulation has been suggested as supporting 
evidence of malignancy. Nevertheless, its effi-
cacy in clinical practice is minimal due to the 
contradictory literature data [11, 12].

8.2.7  Desmin

Desmin is a muscle-specific class III intermedi-
ate filament. Its homopolymers constitute a stable 
intra-cytoplasmic filamentous network connect-
ing myofibrils to each other and to the plasma 
membrane. Desmin is a marker of benignity. 
Its sensitivity ranges from 48% to 84% whereas 
its specificity reaches 97% in some studies [7, 
11]. However, a proportion of malignant pleural 
mesothelioma (as high as 50%) has been reported 
to be positive as well [48]. Therefore, its use in 
clinical practice is very limited.

8.2.8  Epithelial Membrane Antigen

The EMA is a membrane-bound protein, mem-
ber of the mucin family including O-glycosylated 
proteins essential in construction of protective 
mucous barriers on epithelial surfaces and in 
intracellular signaling. The EMA is a biomarker 
of malignancy. Its sensitivity ranges from 41% 
to 79% and its specificity from 88% to 100% [7, 
49]. Unfortunately, this marker was found posi-
tive also in atypical mesothelial hyperplasia and 
in benign lesions and for this reason its use is 
minimal [12].

8.2.9  Insulin Like-Growth Factor II 
Messenger RNA-Binding 
Protein 3

The IMP-3 is an onco-fetal cytoplasmic protein 
expressed in fetal tissues. It acts as an oncogene 
and its staining is observed in many carcinomas. 
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The IMP3 is a biomarker of tumor  aggressiveness 
and its expression correlates with a worse prog-
nosis in human malignancies [13]. It is a highly 
specific biomarker for malignancy and it was 
suggested for the differentiation of malignant 
pleural mesothelioma from reactive mesothelial 
proliferations [13]. Its sensitivity ranges from 
37% to 94%, regardless of subtype and location. 
Nevertheless, some benign alterations, such as 
atypical hyperplasia, stain for this marker as well 
[7, 12, 14, 49].

8.2.10  Gene p16

The International Mesothelioma Interest Group 
(IMIG) guidelines for histological and cytologi-
cal diagnosis of MPM suggested the analysis of 
two relatively new markers either on FFPE tissues 
from biopsies or on cytological specimens: p16 
by FISH and BAP1 by immunohistochemistry 
[15, 50, 51]. The p16 is a cyclin-dependent kinase 
inhibitor and it acts as a tumor suppressor [52]. 
It is frequently deleted (locus 9p21) in malignant 
lesions and it has never been reported as altered in 
benign lesions. Its specificity for malignant pleu-
ral mesothelioma is 100% whereas its sensitivity 
ranges between 43% and 93% [53, 54]. The loss 
of p16 occurs in all histologic subtypes, but it is 
particularly characteristic of cases with biphasic 
and sarcomatoid morphology and it is known to 
be associated with poor outcome in comparison 
with cases with retained p16 [55]. In contrast, the 
loss of BAP1 is more frequently associated with 
epithelioid morphology and it is largely retained 
in cases with sarcomatoid morphology [55]. The 
combination of p16 by FISH and BAP1 by immu-
nohistochemistry has been reported to increase 
sensitivity for malignant pleural mesothelioma 
diagnosis up to 90% in some studies whereas 
the specificity is always 100% [50, 53, 56]. 
Nevertheless, BAP1 and p16 examinations do not 
allow the detection of all MPM cases, even when 
the combined assay approach is utilized, because 
the two markers are only deleted in a proportion 
of mesotheliomas and the failure to find their 
alterations does not assure the benign nature of a 
mesothelial process.

8.2.11  BRCA1-Associated Protein 1

The BAP1 is a nuclear de-ubiquitinase protein tar-
geting histones and the host cell factor 1 (HCF1) 
transcriptional cofactor. It has several functions, 
including chromatin regulation, transcriptional 
regulation, and participating in multiprotein com-
plexes that regulate gluconeogenesis, repair of 
cellular differentiation, cell cycle checkpoints, 
transcription, and apoptosis [57]. As a result, 
BAP1 acts as a tumor suppressor and it plays 
an important role in damage response [57, 58]. 
The BAP1 gene is located on chromosome 3p21: 
it is frequently deleted in numerous malignant 
tumors but it has never been reported as altered 
in benign lesions. Its specificity for malignant 
pleural mesothelioma is 100% whereas its sensi-
tivity ranges between 61% and 67% [59]. A sig-
nificantly higher incidence of malignant tumors 
than observed in the general population (more 
often developed in an earlier age than expected) 
is reported among families carrying the muta-
tion of BAP1 [57]. A BAP1 cancer syndrome, 
including cutaneous melanoma, uveal melanoma, 
renal cell carcinoma, malignant mesothelioma, 
and other potential malignant tumors, has been 
proposed [60]. Germline BAP1 mutations are 
observed among families with an extraordinary 
high incidence of malignant mesothelioma and in 
25% of sporadic malignant mesothelioma, report-
ing BAP1 as a gene to predispose for malignant 
pleural mesothelioma and possibly modulate 
mineral fiber carcinogenesis [58, 60]. Moreover, 
several studies showed that BAP1 mutations are 
significantly more common in epithelioid malig-
nant mesothelioma than sarcomatoid and biphasic 
tumors [58, 61]. Several reports associated loss of 
BAP1 with improved prognosis [55]. However, 
although this is clearly the case in patients with 
germline BAP1 mutation, it appears that in spo-
radic cases this effect is at least in part due to 
its association with epithelioid histology, which 
itself portends a more favorable prognosis than 
non-epithelioid morphology [55]. If a significant 
association of p16 loss with poor outcomes was 
observed and it is independent of histologic sub-
type, BAP1 expression by immunohistochemistry 
is not an independent risk factor [55]. Although 
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BAP1 expression by immunohistochemistry is 
not independently predictive of survival across 
malignant pleural mesothelioma as a whole, 
when placed in the context of histologic subtype 
and p16 status, risk stratification was evident [55]. 
In particular, patients with CDKN2A disomy and 
loss of BAP1 expression had improved outcomes 
compared with those with CDKN2A disomy and 
retained BAP1 expression, especially among epi-
thelioid cases.

Recently, in  vitro study showed that BAP1 
loss favors cell proliferation by the up-regulation 
of the enhancer of zeste 2 polycomb repres-
sive complex 2 subunit (EZH2), a histonelysine 
N-methyltransferase overexpressed in various 
cancers [62, 63]. In a series of 32 malignant 
pleural mesothelioma and 44 benign mesothelial 
proliferations, BAP1 loss and EZH2 high expres-
sion were observed in 53% and 66% of malig-
nant pleural mesothelioma, respectively. None of 
the benign lesions presented BAP1 loss or EZH2 
high expression, suggesting that the markers 
together had a diagnostic sensitivity of 90% and 
a specificity of 100% [64].

8.2.12  Mesothelin

Mesothelin is a 40-kDa glycoprotein attached to 
the cell surface by a glycosylphosphatidylino-
sitol anchor and expressed on mesothelioma, 
pancreatic, ovarian, and other tumor malignan-
cies, with limited expression on normal tissue. 
Its regulation and role are not completely clear. 
However, it has been suggested its role for the 
wnt/b-catenin pathway and it has been demon-
strated that promoter methylation could control 
its expression [65–67]. Mesothelin is prefer-
entially elevated in the serum of patients with 
mesothelioma with high specificity for meso-
thelioma [68]. In fact, mesothelin can be shed 
from the cell surface by tumor necrosis factor-a-
converting enzyme [69].

The limited expression of mesothelin on nor-
mal tissues has led to test mesothelin as a target 
by immune-based therapies in mesothelioma. 
The efficacy of several mesothelin-directed treat-
ment approaches is under investigation [69].

8.2.13  Gene Expression Profiling

In an attempt to understand malignant pleural 
mesothelioma molecular pathogenesis, several 
studies have used microarray technologies. A lot 
of gene expression profiling trials have discovered 
a plethora of downregulated and upregulated genes 
and regions of chromosomal gains and losses, 
while most studies have analyzed gene expression 
in tumor versus normal tissue [70–73]. Among the 
downregulated genes there are the growth-factor 
genes affecting the apoptotic pathway, cell adhe-
sion, cytoskeletal anchoring, and tumor suppressor 
genes [70–73]. Among the over-expressed genes 
and pathways there are anti-apoptotic genes, met-
abolic regulating genes, angiogenesis, cell adhe-
sion, detoxification genes, several DNA repair 
gene pathways, chemokines, chemo-, radio-, and 
multidrug resistant genes, oncogenes and gener-
ally genes driving all phases of cell cycle [70–
74]. Furthermore, differentially expressed genes 
involved in tumor invasiveness and the circadian 
clock, cell protection, and resistance have been 
identified [73, 75].

Although several gene signatures with a prog-
nostic role have been proposed, there is not a con-
sensus on single genes or gene signatures helpful 
for clinical decision due to minimal agreement 
among study results [76]. Differences in gene 
expression between epithelioid and sarcomatous 
malignant mesothelioma were observed in sev-
eral studies, with all favorable genes being asso-
ciated with epithelioid histology and unfavorable 
genes with sarcomatous histology [76, 77].

Reyniès et al. used unsupervised hierarchical 
clustering on a transcriptomic data from 38 cul-
tures of malignant mesothelioma as well as muta-
tion analysis of the BAP1, CDKN2A, CDKN2B, 
NF2, and TP53 genes [78]. Three-gene signa-
ture (PPL, UPK3B, and TFPI) were identified 
and these are able to distinguish two subgroups 
of epithelioid malignant pleural mesothelioma, 
C1 and C2. The subgroup C1 showed more 
frequent BAP1 alterations. The subgroup C2 
included sarcomatoid and desmoplastic malig-
nant pleural mesotheliomas and had most dis-
mal prognosis. In fact, analyzing the markers of 
 epithelial-to- mesenchymal transition (EMT), the 
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subgroup C2 was characterized by a mesenchy-
mal phenotype, in agreement with the knowledge 
that sarcomatoid malignant mesothelioma has the 
worse prognosis.

Gordon et  al. developed a gene expression 
ratio-based prognostic and diagnostic test for 
malignant pleural mesothelioma [79–81]. Using 
mRNA expression profiling data from patients 
with malignant pleural mesothelioma with differ-
ent survival outcomes, they were able to define 
two different groups of patients and to train an 
expression ratio-based outcome predictor model. 
In particular, they identified the genes that had 
statistically significant inversely correlated 
expression levels among the two outcome groups 
determining with their use the prognostic expres-
sion ratios. Finally, they developed a four-gene 
expression ratio test able to predict statistically 
significantly treatment-related patient outcome 
after radical surgery independent of the histo-
logic mesothelioma subtype. They also acquired 
RNA from malignant pleural mesothelioma with 
fine-needle aspiration biopsies in order to per-
form diagnostic gene expression tests using the 
relative expression level of the 6 genes (CALB2, 
CLDN7, ANXA8, EPCAM, CD200, and NKX2- 
1) determined by RT-PCR to calculate a com-
bined score (i.e., geometric mean) of 3 individual 
gene pair expression ratios (CALB2/CLDN7, 
ANXA8/EPCAM, CD200/NKX2-1) [81]. The 
diagnostic test between malignant pleural meso-
thelioma and lung adenocarcinoma had a sensi-
tivity of 100% and specificity of 90%.

Bueno et  al. identified four distinct molecu-
lar subtypes analyzing transcriptomes, whole 
exomes, and targeted exomes with RNA-seq data 
from 216 patients with malignant pleural meso-
thelioma: epithelioid (with the longest survival), 
biphasic-epithelioid (biphasic-E), biphasic- 
sarcomatoid (biphasic-S), and sarcomatoid [82]. 
Two-thirds of the histological epithelioid sam-
ples were reclassified into other molecular cat-
egories. Through exome analysis, BAP1, NF2, 
TP53, SETD2, DDX3X, ULK2, RYR2, CFAP45, 
SETDB1, and DDX51 were found significantly 
mutated in malignant mesothelioma while recur-
rent mutations such as SF3B1 and TRAF7 were 
identified. Furthermore, recurrent gene fusions 

and splice alterations were found to be frequent 
mechanisms for inactivation of NF2, BAP1, and 
SETD2. Through integrated analyses, alterations 
in Hippo, mTOR, histone methylation, RNA heli-
case, and p53 signaling pathways were identified. 
These mutational rates and signatures specific for 
malignant pleural mesothelioma are different 
from other cancers and these differences, along 
with mutations, expression profiles and gene 
fusions, could potentially improve the diagnosis 
of malignant mesothelioma [82].

8.2.14  Stromal Immune 
Microenvironment

The presence of tumor-infiltrating macrophages 
and lymphocytes (TILs) has been shown to cor-
relate with the clinical outcome of multiple solid 
tumors (including malignant mesothelioma), and 
with outcomes based on type, density, and loca-
tion of immune cell infiltrates [83–89].

Several studies reported correlations between 
the presence of CD8+ TILs and malignant pleu-
ral mesothelioma survival [90, 91]. In particular, 
patients with a high density of CD8+ TILs in 
tumors tended to exhibit improved survival and 
reduced frequency of mediastinal lymph node 
metastases [88, 92].

If the role of B lymphocytes during tumor 
immunity still remains controversial, the tumor- 
infiltrating CD20+ B lymphocytes were found 
to have a role in constraining epithelioid malig-
nant pleural mesothelioma resulting in improved 
patient survival [88].

Emerging evidences have shown the clinical 
significance of tumor associated macrophages 
(TAMs) in several malignant tumors [93–95]. 
In particular, M1 TAMs have shown immune- 
stimulatory properties and conferred enhanced 
tumor resistance and cytotoxicity, while M2 
TAMs (CD163+) have demonstrated an immune- 
suppressive role by inducing specific cytokines 
secretion, promoting angiogenesis, supporting 
tumor progression, invasion, and metastasis [94, 
96]. In patients with epithelioid malignant pleural 
mesothelioma, the elevated M2 TAMs (CD163+) 
correlated with worse prognosis suggesting that 
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the adaptive humoral immune response may 
play a crucial role in disease progression [88]. 
Moreover, it was found that the sarcomatoid 
malignant pleural mesothelioma had highest esti-
mates for T cells and M2 TAMs (CD163+) while 
the M2 TAMs (CD163+) and their ratio to bio-
logically relevant TILs (CD8+ T-cell and CD20+ 
B-cell) were independent markers of worse prog-
nosis [82, 88].

The IL-7R expression was reported as a poor 
prognostic marker in early stage lung adeno-
carcinoma and breast cancer. In fact, IL-7R is 
suggested to induce tumor growth and lymphan-
giogenesis via upregulation of vascular endo-
thelial growth factor D and, therefore, IL-7 may 
promote tumor progression via the activation of 
IL-7R on both tumor cells and Tregs. In a large 
series of epithelial malignant pleural mesotheli-
oma, tumoral IL-7R expression levels were asso-
ciated with unfavorable prognosis [88].

In general, the PD-L1 expression was shown 
in approximately 20–40% of malignant pleural 
mesothelioma [82, 97–99]. PD-L1 expression is 
measured most commonly by immunohistochem-
istry. However, no test is uniformly accepted as 
the standard and the thresholds for positivity 
have not been yet defined for all the PD-L1 anti-
bodies. Moreover, a different and more reproduc-
ible methodology for evaluating PD-L1 has been 
evaluated with the measurement of mRNA show-
ing association with better outcomes. In a series 
of 211 patients with malignant pleural mesothe-
lioma, Bueno et al. determined the positivity of 
PD-L1 in 39% of patients by CD274, as assessed 
by RNA-seq (reads per kilobase of target per mil-
lion mapped reads >2.3) [82]. The clinical sig-
nificance of localization of PD-L1 expression is 
not yet known. In fact, PD-L1 can be expressed 
by multiple components of the tumor microenvi-
ronment, including infiltrating immune cells and 
tumor cells themselves. Furthermore, the biologi-
cal consequences of PD-L1 expression depend 
on cell membrane localization while cytoplas-
mic staining may represent intracellular stores 
of PD-L1 which may be developed to the cell 
surface depending on appropriate stimulation. In 
a series of 106 patients with malignant pleural 
mesothelioma, 40% of patients resulted positive 

for PD-L1 by immunohistochemistry and PD-L1 
expression was only cytoplasmic in 43% of 
cases, cytoplasmic and membranous in 33%, and 
exclusive membranous in 24% [98]. In another 
series, all patients presented cytoplasmic and 
majority of them membrane staining of PD-L1 
[99]. The association of PD-L1 expression with 
histology has been reported. In general, the sar-
comatoid histotype has shown a higher expres-
sion of PD-L1 (50–100%) compared with other 
histotypes (9–23%) [82, 97–99]. Finally, a strong 
correlation between PD-L1 expression on tumor 
cells and prognosis has been observed in malig-
nant pleural mesothelioma. The effect of PD-L1 
status on prognosis resulted independent of the 
histology. If the PD-L1 expression in malignant 
pleural mesothelioma is more frequent in no 
epithelial patients, PD-L1 negative patients had 
a significantly better prognosis than the PD-L1 
positive patients [82, 97–99].

8.3  Circulating Biomarkers

Blood and pleural effusion are the ideal sample 
types for detecting biomarkers (Table 8.2). The 
soluble biomarkers in blood and peritoneal/
pleural effusion are interesting tools for rapid 
diagnosis also in malignant mesothelioma. The 
most important ones include soluble mesothelin- 
related peptides (SMRP), osteopontin, fibulin-3, 
high-mobility group box 1 (HMGB1). Recently, 
the discovery of protein signatures and aberrant 
expression of miRNA in tissue and body fluids in 
tumor could significantly improve the diagnostic 
accuracy in malignant mesothelioma.

8.3.1  Soluble Mesothelin-Related 
Peptides (SMRP)

To date, SMRP is the only biomarker for diagnos-
tic and prognostic purposes approved by the FDA 
and suggested by several consensuses [100, 101]. 
In particular, FDA approved the MESOMARK 
assay as a humanitarian use device for the moni-
toring of epithelioid and biphasic mesothelioma 
using serum as an analyte [102]. The SMRP are 
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membrane-bound peptides processed to yield 
megakaryocyte-potentiating factor (MPF) and 
mesothelin, which remains attached to the cell 
membrane via glycophosphatidylinositol linkage 
[103]. By activation of NF-kB pathway, resulting 
in increase of interleukin-6 level, mesothelin pro-
motes tumor cell survival and proliferation [104]. 
In 2003, Robinson et al. proposed the determina-
tion of serum SMRP as a marker for diagnosis of 
malignant mesothelioma and monitoring disease 
progression [105]. Subsequent studies confirmed 
SMRP dosage as a potential tool for screening 
asbestos exposed individuals for early diagnosis 
of malignant pleural mesothelioma suggesting 
serum SMRP as a promising marker not only for 
diagnosis but also for prognosis and clinical moni-
toring [106–112]. However, all studies detected 
high SMRP concentrations only in the epithelioid 
and mixed malignant mesothelioma. As a diagnos-
tic marker, mesothelin has shown high specificity 
(96%) but low sensitivity (47%) [68]. On the other 
hand, as a prognostic marker, the literature data are 
inconclusive. In fact, if several studies have shown 
no correlation between serum mesothelin levels 
and survival outcomes, other studies have shown 
that SMRP levels are inversely associated with 
overall survival [109, 112–117]. In multivariate 
analysis limited to epithelial MPM, the prognos-
tic impact of SMRP on overall survival was lost, 
suggesting that histology remains a critical deter-
minant of prognosis [68]. Possible explanations 
for the mixed results on mesothelin as a prognos-

tic marker include small sample sizes and hetero-
geneous treatment among the different studies 
[118]. Finally, several data suggest SMRP as a 
useful tumor marker for detecting the progres-
sion of malignant mesothelioma and evaluating 
tumor response to treatment [119]. Nevertheless, 
the poor sensitivity of mesothelin (35–50%) lim-
its its value [120].

8.3.2  Osteopontin

Osteopontin is an extracellular cell adhesion 
glycoprotein that plays key roles in different 
biological processes such as immunological 
regulation, cell–matrix interaction, and cell-sig-
naling via interaction with integrin and CD44 
receptors, cell migration, and tumor development 
[121, 122]. Osteopontin resulted up-regulated 
in cells exposed to asbestos in-vitro, as well as 
in rat models of asbestos-induced carcinogen-
esis [123]. The serum osteopontin levels are 
increased in malignant pleural mesothelioma and 
therefore osteopontin has been considered as a 
potential biomarker for early detection of the dis-
ease. Comparing patients with asbestos-related 
non- malignant pulmonary disease with patients 
without asbestos exposure and patients with sur-
gically staged pleural mesothelioma, Pass et  al. 
found that serum osteopontin levels were signifi-
cantly higher in patients with malignant pleural 
mesothelioma than in those with exposure to 

Table 8.2 Circulating biomarkers

Biomarker Methods Role Results
SMRP ELISA/MESOMARK 

(blood, pleural effusion)
Diagnostic/
prognostic/
predictive

Diagnosis of MPM; worse prognosis; clinical 
monitoring of response

Osteopontin ELISA (blood) Diagnostic/
prognostic

Diagnosis of MPM; worse prognosis; clinical 
monitoring of response

Fibulin-3 ELISA (blood, pleural 
effusion)

Diagnostic/
prognostic

Diagnosis of MPM; worse prognosis

HMGB-1 ELISA (serum) Diagnostic/
prognostic

Diagnosis of MPM; worse prognosis

MicroRNA HM—qRT-PCR (serum) Diagnostic/
prognostic

Diagnosis of MPM; different miRNA or 
signature of miRNA showed good or poor 
prognosis

Proteomic SOMAmer—SRM (serum) Diagnostic Diagnosis of MPM

HM Hybridization based miRNA microarray, qRT-PCR quantitative reverse transcription polymerase chain reaction, 
SRM selected reaction monitoring assay technology
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asbestos, with a sensitivity of 77.6% and a speci-
ficity of 85.5% (cutoff value: 48.3 ng/mL) [124]. 
Moreover, comparing patients with stage I meso-
thelioma and patients with asbestos exposure, 
the sensitivity and specificity were 84.6% and 
88.4%, respectively (cutoff value 62.4  ng/mL). 
Some studies confirmed the role of osteopontin 
as a potential diagnostic biomarker for patients 
with malignant mesothelioma whereas several 
other studies were not able to confirm these 
results [115, 125–128].

These controversial results could be explained 
by several reasons, such as different ELISA essays 
used for osteopontin and different control popu-
lations evaluated, which may not be reflective of 
high-risk screening populations. Nevertheless, to 
definitively assess the diagnostic power of this 
biomarker, further studies with larger sample size 
and better design are needed. Despite controversy 
over diagnostic value, some studies have inves-
tigated the role of osteopontin as a prognostic 
biomarker. In general, low immunohistochemi-
cal expression and low baseline plasma levels of 
osteopontin were independently associated with 
favorable survival outcomes [112, 129]. Pass 
et al. combined plasma biomarkers of malignant 
pleural mesothelioma with EORTC prognostic 
index founding that higher levels of osteopontin 
and mesothelin were individually associated with 
a worse prognosis after adjusting for this specific 
prognostic index [130]. Moreover, they observed 
that the incorporation of either plasma osteopon-
tin or mesothelin into the predictive prognos-
tic index model led to a statistically significant 
improvement in Harrell’s C-statistic and the log-
osteopontin level, the EORTC clinical prognos-
tic index and the hemoglobin level remained as 
independently significant predictors in the final 
prognostic model.

8.3.3  Fibulin-3

The human fibulin-3 is a member of the extra-
cellular glycoprotein fibulin family encoded by 
the gene epidermal growth factor (EGF), con-
taining fibulin-like extracellular matrix protein 
1 (EFEMP1) [131]. Fibulin-3 has been impli-

cated in the regulation of cell proliferation and 
migration in malignant pleural mesothelioma by 
its involvement with cell morphology, growth, 
adhesion, and motility. The diagnostic value of 
fibulin- 3 for malignant pleural mesothelioma has 
been investigated. Pass et  al. found that plasma 
fibulin-3 levels were significantly higher in 
patients with malignant pleural mesothelioma 
compared to patients with only asbestos expo-
sure, with a sensitivity of 96.7% and specificity 
of 95.5% [20]. Moreover, fibulin-3 levels in the 
pleural effusion were found significantly higher 
in patients with malignant pleural mesothelioma 
compared to patients with pleural effusion unre-
lated to malignant pleural mesothelioma. In a 
retrospective analysis of two cohorts of patients 
with malignant pleural mesothelioma, plasma 
fibulin-3 levels showed low diagnostic accu-
racy because it was significantly elevated in one 
(Sydney cohort) but not in the other (Vienna 
cohort) [22]. Prospective data are needed to vali-
date fibulin-3 as a potential biomarker for patients 
with malignant pleural mesothelioma.

8.3.4  High-Mobility Group Box 1 
(HMGB1)

The high-mobility group box 1 (HMGB1) is a 
typical damage-associated molecular pattern 
(DAMP) and it is a mediator of several biologi-
cal processes such as transcription, cell prolifera-
tion, DNA repair, and inflammation [132, 133]. It 
was shown that the exposure of primary human 
mesothelial cells to asbestos fibers induces pro-
grammed necrosis and consequent release of 
HMGB1, triggering the process of cell transfor-
mation [134]. Moreover, malignant mesothelioma 
cells on one hand has shown an active autocrine 
production of HMGB1 and on the other they were 
resulted addicted to HMGB1 for growth and inva-
sion [134]. Several studies found that serum and 
plasma HMGB1 levels were higher in patients 
with malignant mesothelioma compared to healthy 
individuals or individuals with benign asbestos- 
related disease [134–136]. The prognostic role of 
HMGB1 was established in a systematic review 
and meta-analysis because a significant negative 
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correlation between serum HMGB1 level and sur-
vival was observed [135, 137]. Napolitano et  al. 
discovered that hyper-acetylated HMGB1 levels 
were significantly higher in patient with malignant 
mesothelioma compared to asbestos- exposed indi-
viduals and healthy controls with a sensitivity and 
specificity of 100% [1]. Moreover, the HMGB1 
levels resulted not influenced by tumor stage and 
the combination of HMGB1 and fibulin-3 pro-
duced better sensitivity and specificity in differ-
entiating patients with malignant mesothelioma 
from patients with benign or malignant pleural 
effusion not related to malignant mesothelioma 
[1]. These results suggest a role for hyper-acety-
lated HMGB1 as a potential diagnostic marker to 
differentiate patients with malignant pleural meso-
thelioma. However, prospective validation studies 
are needed.

8.3.5  MicroRNA

The MicroRNAs (miRNAs) are non-coding RNA 
molecules of 18–22 nucleotides that regulate 
gene expression at the post-transcriptional level 
by binding the 3′-untranslated regions of target 
miRNAs inhibiting translation of target mes-
senger RNAs by pairing with messenger RNA 
recognition elements [138]. Thus, miRNAs are 
expected to regulate many cellular activities, 
such as proliferation, differentiation, metabo-
lism, apoptosis, senescence, angiogenesis, and 
invasion. It was shown that deregulated miRNAs 
frequently occur in several cancers, malignant 
mesothelioma included. The miRNAs are con-
sidered excellent biomarkers due to their stabil-
ity and the possibility to be analyzed in routinely 
processed tissue samples as well as in blood 
samples. A lot of trials evaluated the miRNA 
expression in tissues of malignant mesothelioma 
using microarrays and several series of miRNAs 
specifically overexpressed or downregulated 
in malignant mesothelioma compared to nor-
mal tissue were identified [139–144]. Among 
over- expressed miRNAs, miR-30b∗, miR-32∗, 
miR-483-3p, miR-584, and miR-885-3p were 
predicted to regulate the tumor suppressor genes 
CDKN2A and NF2, while downregulated miR-

NAs such as miR-9, miR-7-1∗ and miR-203 were 
expected to target the oncogenes HGF, PDGFA, 
EGF, and JUN [143]. Moreover, the expression 
of miR-17-5p and miR-30c was correlated with 
survival in patients with sarcomatoid malignant 
mesothelioma [142]. Another study observed that 
the elevated miR-29C∗ expression was linked 
with a significantly higher survival of patients 
with malignant mesothelioma whereas the loss 
of miR-31 (linked with frequent homozygous 
loss of 9p21.3 chromosome in malignant meso-
thelioma) was associated with tumor suppres-
sor activity [145]. A miR-Score, a signature of 6 
miRNAs (miR-21-5p, miR-23a-3p, miR-30e-5p, 
miR-221-3p, miR-222-3p, and miR-31-5p) pre-
dicting long survival, was identified among 
patients with malignant mesothelioma undergo-
ing surgery (extra pleural pneumonectomy or 
palliative surgery) [146]. Also cell-free, circulat-
ing miRNAs have been suggested as biomarkers 
for malignant mesothelioma. Bononi et al. identi-
fied three circulating miRNAs (miRNA 197-3p, 
miRNA-1281, and miRNA 32-3p) upregulated 
in patients with malignant pleural mesothelioma 
compared to the control group [147]. In particular, 
miR-197 and miRNA 32-3p were found to down-
regulate the FOXO3 gene and tumor suppressor 
gene pTEN plus anti-proliferative factor BTG2, 
respectively, suggesting a role in carcinogenesis 
of malignant mesothelioma. All these data sug-
gested that deregulated miRNAs could be con-
sidered as promising diagnostic biomarkers and 
prognostic factors for malignant mesothelioma as 
well. Nevertheless, their clinical utility should be 
further explored in large prospective trials.

8.3.6  Proteomics

The proteome is the whole full set of proteins 
expressed by an organism or a system in a par-
ticular time and under defined physiological or 
pathological conditions. The discovery of protein 
signatures, which have been recently exploited 
for the effective screening of a high number 
 biomarkers, could significantly improve the diag-
nostic accuracy in several cancers, malignant 
mesothelioma included [148–150]. To screen 
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serological diagnostic markers of malignant 
mesothelioma, the SOMAmer protein technol-
ogy has been used in a multicenter case–con-
trol study including 117 patients with malignant 
mesothelioma and 142 control subjects with 
asbestos exposure [150, 151]. A 13-marker ran-
dom forest classifier was developed from 64 
candidate biomarkers extrapolated from more 
than 1000 screened proteins. This random forest 
model was able to differentiate malignant meso-
thelioma from controls (AUC 0.99, sensitivity 
>90%, specificity >90%) better than mesothelin 
(AUC 0.82, sensitivity 66%, specificity 88%) 
[150]. The potency of this proteomics approach, 
providing a multiplex biomarker signature, is 
likely a promising diagnostic tool for malignant 
pleural mesothelioma [152].

Using a selected reaction monitoring (SRM) 
assay technology, a seven glycopeptide signature 
in cells of malignant mesothelioma was identi-
fied and used to investigate surfaceoma derived 
serum candidate biomarker panels for malignant 
mesothelioma [153].

This seven glycopeptide signature was able 
to accurately discriminate malignant mesothe-
lioma from healthy controls and to significantly 
improve the diagnostic accuracy of mesothelin (if 
combined) in differentiating malignant mesothe-
lioma from non-small-cell lung cancer [153].

8.4  Future Perspectives

Developments in biomarker research for malig-
nant mesothelioma prognosis and diagnosis have 
seen in recent years. Likely, a combination of the 
most performing and valuable markers validated 
by the ongoing studies will potentially allow more 
accurate diagnosis of malignant mesothelioma 
and earlier detection in the near future. Ideally, 
potential biomarkers should be non- invasive and 
easy-to-use; test-related costs should be minimal; 
time to analytical result should be sufficiently 
short. Further to some tissue and circulating bio-
markers, also breathomics seems to meet these 
requirements. Breathomics is an increasingly 
investigated research field showing promising 
results for early stage diagnosis of malignant 

pleural mesothelioma [154]. However, several 
limitations common to many studies, such as 
lack of standardized treatments and assays, affect 
results and analysis. Moreover, low patient num-
bers limit the conclusiveness of results. To over-
come these limitations, selection of homogenous 
series of patients, standardization of assays, and 
increased cooperation among research centers in 
combining cohorts and increasing study sizes are 
needed.
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Diagnostic Imaging 
of Mesothelioma

Christopher M. Straus and Samuel G. Armato III

9.1  Introduction

Radiologic imaging is critical to the diagnosis, 
staging, clinical management, and surveillance 
of patients with malignant pleural mesothelioma. 
Chest radiography, computed tomography (CT), 
magnetic resonance imaging (MRI), and positron 
emission tomography (PET) have all been used 
to assess the structure, extent, or physiology of 
mesothelioma. Over the years, however, the rela-
tive importance of these imaging modalities has 
evolved with technology and the introduction of 
new therapeutic regimens. Invariably, the discov-
ery and initial diagnosis of this disease centers on 
imaging. Furthermore, assessment of the efficacy 
of current treatments requires serial radiologic 
examinations over time: almost every mesothe-
lioma patient receives numerous imaging exams 
during the course of treatment, as this is the best 
method to track treatment response and evalu-
ate for known concomitant associated secondary 
issues. Although traditional imaging defines the 
morphology and extent of mesothelioma tumor, 
increasingly more advanced imaging options are 
being deployed to evaluate tumor physiology 
and allow for earlier detection of disease that has 
originated or moved beyond the pleural space. 

Computer software has become a more useful 
tool for the quantitative analysis of the acquired 
image data (known as “radiomics”); together with 
enhanced visualization approaches, the extraction 
of additional objective information from radio-
logic images can have a positive impact on patient 
care decisions. This chapter describes the imaging 
modalities that have been employed for the evalu-
ation of mesothelioma and explores current and 
future directions in the imaging of this complex 
tumor.

9.2  Chest Radiography

Chest radiography remains the most common 
radiologic procedure performed in the United 
States, and, consequently, initial detection of 
mesothelioma is likely to originate from an abnor-
mal preliminary radiographic chest examination. 
Evaluation and even detection of this complex 
pathology in the two-dimensional radiographic 
projection is neither a sensitive nor a specific 
diagnosis. Subsequent study with another imag-
ing modality is invariably required. Overlapping 
anatomy and technical limitations of projection 
radiography also prevent identification of disease 
extent, specifically the involvement of critical 
structures. Most often the radiologist is alerted 
only to secondary radiographic signs of meso-
thelioma, including unilateral pleural effusion, 
ipsilateral shift of the mediastinum, underlying 
asymmetric lung volume loss with or without 
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calcified pleural plaques, and diffuse lobulated 
pleural thickening [1–3] (Fig.  9.1); these find-
ings, however, are not necessarily specific to 
mesothelioma and could represent a wide range 
of etiologies, most commonly secondary findings 
related to other malignancies or pleural infection.

In practice, the ability to diagnose mesotheli-
oma on chest radiography is only possible at more 
advanced stages (related to more pronounced sec-
ondary changes associated with the disease) when 
the presence of metastatic lung nodules or lymph 
nodes, pulmonary interstitial disease (e.g., thick-
ening of interlobular septa), and destruction of 
ribs or vertebral bodies may be more easily noted 
[4]. Contralateral pleural abnormalities generally 
reflect asbestos exposure rather than metastases 
[5], since mesothelioma tends to spread directly 
by contiguous growth (Fig. 9.2) [6]. Radiography 
can contribute to patient surveillance in the post-
therapy and post- surgery settings. While radi-
ography may be used to monitor patients for 
postsurgical complications, ipsilateral tumor 
recurrence requires CT evaluation once the lung 
has reaerated [5]; CT also would be required to 
differentiate among recurrent disease, infection, 
or postsurgical complications in the presence of 
radiographic findings such as mediastinal shift, 

ipsilateral air-fluid level, or contralateral lung 
nodules [5]. Furthermore, given its increased 
sensitivity for early detection of post-procedural 
complications, CT is increasingly being used as 
the sole imaging modality for post-therapy evalu-
ation beyond the most immediate time period.

9.3  Computed Tomography

A fundamental limitation of radiography is its 
projection of inherently three-dimensional struc-
tures to a single two-dimensional imaging plane. 
The resulting superposition of anatomy and any 
embedded pathologic process creates a visual 
scene in which subtle abnormalities might lack 
sufficient contrast with adjacent structures and 
therefore remain undetected. The series of trans-
axial images that comprise a CT scan provides 
radiologists with a vast amount of information 
that far exceeds that offered by radiography. 
The information provided by standard transax-
ial images is augmented by the ability of CT to 
generate reformatted images in the coronal and 
sagittal planes as a result of the near-isotropic 
voxels captured by state-of-the-art scanners with 
 sub- millimeter slice thickness. This complement 

a b

Fig. 9.1 (a) Posteroanterior (b) and lateral chest radio-
graphs of a patient with left-sided malignant pleural 
mesothelioma. Note unilateral irregular pleural thickening 

(representing both tumor and pleural fluid), left-to-right 
mediastinal shift, and ipsilateral volume loss
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of images is especially relevant to the visualiza-
tion of mesothelioma with its irregular shape, 
complex growth pattern, and potentially exten-
sive disease burden that might involve neighbor-
ing structures (Fig.  9.3). Consequently, CT has 
become the imaging modality with the greatest 
impact on mesothelioma detection, staging, and 
treatment response assessment.

The spatial extent and tissue characteristics 
of mesothelioma tumor are accentuated with CT 
relative to radiography, although the range of 
pixel values spanned by mesothelioma tumor can 
be very similar to that of adjacent tissues even on 
CT [7]. The radiologic manifestation of pleural 
abnormalities falls into three broad categories: 
pleural effusion, pleural thickening, and pleu-
ral calcification [8] (and is often a combination 
thereof). CT, and especially contrast-enhanced 
CT, demonstrates all three categories of abnor-
mal pleural findings with high sensitivity and 
has the potential to distinguish the relative con-
tributions of these three components if present 
in combination. These abnormal pleural findings 
on CT, however, are not specific to mesothelioma 
and must be differentiated from a variety of other 
diseases, both benign and malignant, including 

a b

Fig. 9.2 (a) Posteroanterior chest radiograph of a patient 
with right-sided disease manifesting as irregular pleural 
thickening. (b) Coronal reformatting of a CT scan from 
the same patient further delineates irregular pleural thick-
ening throughout the right hemithorax with both medias-

tinal invasion and loculated fluid (*). Note smooth, 
relatively thin plaque along the contralateral diaphrag-
matic pleura (arrows) representing benign disease rather 
than contralateral malignancy

Fig. 9.3 Coronal CT section from a patient with left- 
sided disease highlighting extensive effusion (*), invasion 
of the aortic arch and great vessels (black arrows), chest 
wall invasion (arrowhead), and transdiaphragmatic exten-
sion involving splenic displacement and invasion (white 
arrows)
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(non-mesothelioma) asbestos-related pleural dis-
ease, tuberculous pleurisy, empyema, and meta-
static disease [9, 10].

On CT, mesothelioma is often characterized 
by a circumferential, nodular soft-tissue pleural 
thickening that can involve interlobar fissures [2] 
(Fig. 9.4). Pleural effusions (Fig. 9.5) and asso-
ciated changes preferentially in the lower hemi-
thorax are typical CT findings [5, 11]. The use 
of intravenous contrast optimizes the identifica-
tion of lymphadenopathy and highlights invasion 
of critical adjacent vascular structures [11]. An 
acknowledged shortcoming of CT is its relatively 
limited sensitivity for hilar lymph node involve-
ment [11], which impacts the utility of CT in the 
assessment of N stage. Pleural plaques and thick-

ening are also common CT findings in mesothe-
lioma patients but, when present in combination 
with mesothelioma, are thought to reflect asbes-
tos exposure and not active mesothelioma; the 
pathogenesis of either lesion and the possible 
preneoplastic nature of mesothelioma-associated 
pleural plaques remains unproven [12, 13].

To provide a clinical context for these CT 
findings, pleural effusions were identified in 76% 
of the initial CT scans obtained from a cohort of 
50 mesothelioma patients [14], with the major-
ity of these effusions occupying less than one-
third of the affected hemithorax. In this same 
cohort, 94% of the patients demonstrated pleural 
thickening, with 72% of these cases classified 
as nodular thickening, 50% classified as pre-
dominantly lower zone, and 47% with a thick-
ness that exceeded 1 cm (Fig. 9.6). Thickening in 
the superior mediastinum was identified in 70% 
of cases, diaphragmatic crural thickening was 
observed in 84% of cases, and interlobar fissural 
thickening was noted in 84% of cases. In a report 
from another cohort of 50 mesothelioma patients 
[15], pleural effusions were identified in 74% of 
patients, 92% of the patients demonstrated pleu-
ral thickening, and interlobar fissural thickening 
was noted in 86% of cases. Focal pleural intra-
pulmonary masses were demonstrated in 8% of 

Fig. 9.4 Axial CT section demonstrating left-sided nodu-
lar pleural thickening with direct extension into the left 
major interlobar fissure (arrow)

Fig. 9.5 Axial CT section demonstrating mild-to- 
moderate left-sided pleural nodular disease with more 
extensive associated hypodense regions (*) representing 
non- contiguous loculated effusions

Fig. 9.6 Axial CT section capturing left-sided paraspinal 
disease with discrete regions of pleural soft-tissue thick-
ening measuring more than 1 cm (arrows)
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the cases, half of which involved or abutted the 
chest wall [15] (Fig. 9.7).

“Cone beam CT” directly captures three- 
dimensional information from the patient; cone 
beam CT, however, is not the current standard 
for diagnostic radiology purposes. Instead, the 
clinical standard, spiral (or helical) CT, is consid-
ered a 2.5-dimensional imaging modality in that 

the individually captured image planes may be 
viewed separately, viewed in succession to span 
the anatomic region, or stacked together to create 
a single volumetric representation of the imaged 
anatomy. Accordingly, assessment of anatomic 
volumes or the volumetric extent of disease bur-
den is an important contribution of CT to patient 
management. One such CT-based assessment of 
volume is the impact of mesothelioma on the 
volume of the affected hemithorax. In particular, 
with volume loss of the ipsilateral lung second-
ary to extensive pleural disease, ipsilateral medi-
astinal shift may or may not be demonstrated; 
ipsilateral lung volume loss without mediastinal 
shift is referred to as the “fixed mediastinum.” 
Ipsilateral volume loss may also be observed 
on CT due to narrowed intercostal spaces (“rib 
crowding”) [11] with elevation of the ipsilateral 
hemidiaphragm [15] (Fig. 9.8). This appearance 
can be complicated by substantial pleural effu-
sion or pleural thickening causing contralateral 
mediastinal shift without an ipsilateral increase 
in aerated lung volume.

CT is generally used to assist in the identifi-
cation of findings that distinguish diffuse pleu-
ral pathology from benign pleural changes. A 
pleural rind in excess of 1 cm thick, mediasti-
nal pleural involvement, and pleural nodularity 

Fig. 9.7 Axial CT section from the same patient as in 
Fig. 9.3 demonstrates contralateral lung nodules (arrows), 
which are best visualized with the image displayed using 
a “lung window”

a b

Fig. 9.8 Right-sided disease resulting in (a) ipsilateral 
volume loss and elevated hemidiaphragm in the coronal 
CT section and (b) rib crowding captured in the axial CT 
section. Note extension of tumor deep into the costo-

phrenic angle laterally with the distinct preservation of 
subdiaphragmatic fat indicating integrity of the peritoneal 
cavity in (a) (arrow)
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have been associated specifically with malig-
nant pleural diseases [1]. These key findings of 
malignancy are all generally well depicted on 
CT, as is progression beyond the pleural cav-
ity (invasion of the chest wall, invasion of the 
mediastinum, or transdiaphragmatic extension) 
(Fig.  9.9), lymph node metastasis (Fig.  9.10), 
and displacement or destruction of ribs or ver-
tebral bodies (Fig. 9.11) [1]. Among a cohort of 
71 patients with diffuse pleural disease present-
ing as pleural thickening [8], findings observed 

to be significantly more common in patients 
with malignant pleural disease than in patients 
with benign pleural disease were nodular pleu-
ral thickening, parietal pleural thickening (in 
excess of 1  cm), mediastinal pleural involve-
ment, and the presence of a pleural rind. Three 
additional diffuse pleural disease patients with-
out pleural thickening, however, demonstrated 
unilateral pleural effusion as the sole indicator 
of pleural malignancy in this minority subpopu-
lation of patients. In this cohort, only pleural 
calcifications were specific to a benign process 
(Fig.  9.12). Although benign pleural disease 
may present unilaterally, a unilateral presenta-

Fig. 9.9 Extensive left-sided disease with clear destruc-
tion of, and extension through, the left hemidiaphragm 
displacing the spleen inferiorly (arrow) on this coronal CT 
section

Fig. 9.10 Midthoracic axial CT section demonstrating 
subcarinal conglomerate nodal mass (arrows) and perivas-
cular lymphadenopathy (arrowhead)

Fig. 9.11 Axial CT section capturing osseous involve-
ment and tumor extension as demonstrated by destruction 
of the right eighth rib (arrow) with an expansible mass

Fig. 9.12 Coronal CT section demonstrating thick pleu-
ral calcifications (arrows) and the relative absence of addi-
tional soft-tissue pleural thickening
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tion of pleural disease within asbestos-exposed 
patients was highly specific for malignant dis-
ease in general (and, in particular, suggestive of 
mesothelioma) [8].

CT has the potential to differentiate meso-
thelioma from other malignant pleural diseases, 
yet this task is generally inconsistent and chal-
lenging. In a cohort of 215 patients with meso-
thelioma, metastatic pleural disease, and benign 
pleural disease [9], the following were identi-
fied as independent findings to differentiate (1) 
mesothelioma from metastatic pleural disease 
and (2) all malignant pleural diseases from 
benign pleural disease: the presence of a pleural 
rind, mediastinal pleural involvement, and pleu-
ral thickness exceeding 1  cm. These findings 
differentiating malignant pleural disease from 
benign pleural disease are consistent with those 
of the study discussed in the previous para-
graph [8], which, interestingly, reported that 
the CT findings in mesothelioma patients were 
the same as in patients with metastatic pleural 
disease from other causes. Pleural nodularity 
is a characteristic CT finding in mesothelioma 
patients and in patients with other malignant 
pleural diseases that can be used to differentiate 
these patients from patients with benign pleu-
ral disease; however, pleural nodularity does 
not differentiate mesothelioma from metastatic 
pleural disease [9].

CT effectively captures intrapulmonary find-
ings that are known to be associated generally 
with asbestos exposure or known to accom-
pany mesothelioma specifically: lung nodules, 
rounded atelectasis, and ipsilateral atelectasis 
[14]. Associated compressive atelectasis second-
ary to large tumor or effusion is also a common 
presentation feature in mesothelioma patients 
(Fig. 9.13). Invasion of the pericardium by meso-
thelioma can be captured on CT as pericardial 
thickening (with or without pericardial effusion) 
[5] (Fig.  9.14); nevertheless, the ability to dis-
tinguish pericardial involvement from mediasti-
nal pleural disease remains difficult given their 
immediate adjacent relationship [15]. Pericardial 
involvement is most evident when there is exten-
sion into the pericardium outlined by mediastinal 
fat. Effort has been made to assimilate find-

ings from the literature into an evidence-based 
guideline on reading CT scans of mesothelioma 
patients to improve the proficiency of radiologists 
and physicians in the diagnosis of this disease 
[16], but widespread adoption of such guidelines 
has not been achieved.

The accepted use of low-dose CT for the 
screening of asymptomatic individuals for lung 
cancer provides an opportunity for the early 
detection of other thoracic abnormalities that 
might be captured. The identification of other 

Fig. 9.13 Axial CT section demonstrating extensive left- 
sided disease with tumor and compressive atelectasis; 
similar density between tumor and collapsed lung pre-
vents clear demarcation of lung boundary and tumor 
margin

Fig. 9.14 Axial CT section of a patient with extensive 
left-sided pleural thickening and invasion of the pericar-
dium (and likely the left ventricle); note the small crescent 
of fluid representing an associated pericardial effusion 
(arrow)
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pathologies besides lung cancer on these low- 
dose CT screening studies is so relevant that the 
term “lung cancer screening” is being replaced 
simply by the term “lung screening.” Screening 
for any disease requires a well-defined subpopu-
lation of individuals who are, to some degree, “at 
risk” for that disease. Naturally, by extension, 
any effort to screen specifically for mesothelioma 
should target asbestos workers or those related to 
the industry. To date, reports on low-dose CT as a 
screening tool for the detection of mesothelioma 
in asbestos-exposed workers have been mixed in 
terms of diagnostic yield [17, 18].

The standard acquisition of a CT scan cap-
tures a static representation of patient anatomy 
at a fixed time. The intravenous injection of an 
iodinated contrast agent serves to accentuate the 
vasculature (and heavily vascularized tissues) 
from adjacent structures that would otherwise 
be indistinguishable. Enhanced images are best 
obtained after a specified time delay to allow 
for the contrast to disburse systemically; the 
images acquired after that delay period also are 
static but are “enhanced” by the presence of the 
contrast agent. Dynamic, contrast-enhanced CT 
(DCE-CT) scans incorporate a temporal com-
ponent by acquiring images of the patient while 
the contrast agent is initially coursing through 
the patient’s blood vessels and into (and subse-
quently out of) vascularized structures but before 
significant dilution throughout the blood pool 
and removal by the kidneys; this dynamic image 
acquisition approach allows CT to capture phys-
iologic information about blood flow, although 
this information is constrained to a more lim-
ited axial range of anatomy as the patient table 
does not move during the dynamic acquisition. 
A number of hemodynamic parameters (such as 
tissue blood flow, tissue blood volume, tissue 
peak enhancement, time to peak enhancement, 
and mean transit time) may be computed from 
image data acquired in this manner. A recent 
study used hemodynamic parameters computed 
from DCE-CT scans of mesothelioma patients 
to investigate the correlation of these parameters 
with patient response and to explore whether 
changes in tumor hemodynamics might precede 
changes in physical tumor bulk [19].

9.4  Magnetic Resonance 
Imaging

Magnetic resonance imaging (MRI) is substan-
tially different from CT, from the physics that 
governs image acquisition to the biological 
mechanisms that can be analyzed through the 
captured images. While CT captures information 
about how patient tissues and disease processes 
attenuate X-rays (with manipulation of the X-ray 
beam’s energy spectrum the only practical way 
for the technologist to alter the signal detected 
by the scanner), MRI allows for a large array of 
pulse sequences, each designed to capture infor-
mation about different physiologic processes, 
often on the cellular level. Consequently, MRI 
can depict not only patient anatomy with soft- 
tissue contrast that exceeds that of CT but also 
water diffusion (through the apparent diffusion 
coefficient (ADC) calculated from diffusion- 
weighted imaging (DWI)), blood flow (through 
dynamic contrast-enhanced (DCE) MRI), and 
vascular permeability (through the volume trans-
fer constant, Ktrans, computed from DCE-MRI). 
Proper attention to image acquisition parameters 
is essential to generating MRI images that allow 
for optimal assessment of the pleura [20].

Although of relatively limited use in the chest 
given associated artifacts from aerated lung, MRI 
benefits the clinical evaluation of mesothelioma 
patients [21] by optimizing distinction between 
mesothelioma tumor and adjacent and commonly 
involved tissues such as chest wall, ribs, and dia-
phragm. Specifically, a substantial percentage of 
patients presents with indistinguishable findings 
in, for example, the pericardial and diaphrag-
matic regions, where both malignant and benign 
diseases can demonstrate subtle CT changes. In 
such cases, MRI can be used to identify second-
ary findings associated with early tumor invasion 
(e.g., edema in the overlying ribs) that specifi-
cally exclude benign abnormalities. As noted 
previously, MRI has a much greater sensitivity 
for capturing soft- tissue differences relative to 
CT. MRI is specifically well suited for identify-
ing distinct unaltered fat planes between criti-
cal structures, as expected, for example, along 
the caudal diaphragmatic  surface and adjacent 
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abdominal organs; a smooth inferior diaphrag-
matic surface on MRI remains one of the most 
reliable indicators of potential resectability and 
likewise of tumor invasion into the mediastinal 
fat (Fig.  9.15). While minimal pleural thicken-
ing may be a challenge to diagnose on CT, MRI 
offers creative ways to manipulate the signal 
detected from different tissues in the scanner, 
such as through “early contrast enhancement,” 
which may offer potential as a perfusion-based 
biomarker of pleural malignancy [22].

Although MRI does not match CT in its abil-
ity to depict pleural calcifications and to detect 
enlarged lymph nodes with pathologic suspicion, 
it is important to note that neither CT nor MRI 
can achieve accurate lymph node staging due to 
both low sensitivity and low specificity. Contrast- 
enhanced T1-weighted MRI is more sensitive to 
detection of vertebral body or rib invasion, sub-
diaphragmatic extension, and fissural spread of 
tumor. T2-weighted MRI without fat suppres-
sion allows for the differentiation of mesothe-
lioma tumor from pleural fluid, a distinction that 
confounds the assessment of tumor burden on 
CT.  Both modalities remain grossly similar in 
depicting invasion of the chest wall, mediastinum, 
and lung parenchyma, while mesothelioma gener-
ates increased signal strength relative to the nor-

mal chest wall on T2-weighted MRI [5, 23, 24], 
with particular advantages if tumor invasion of 
the spinal canal must be excluded [1] (Fig. 9.16). 
Focal thickening and enhancement of interlobar 
fissures additionally occur more frequently in 
malignant pleural disease (mesothelioma or other 
malignancies) than in benign pleural disease, and 
this potential subtle finding is more likely to be 
appreciated on MRI. Thus, use of MRI remains 
largely relegated to specific circumstances unique 
to a particular patient, despite some studies com-
paring CT and MRI scans that showed that pleural 
fluid, pleural enhancement, focal pleural thicken-
ing, and enhancement of focal pleural thickening 
were significantly more frequent in mesothelioma 
patients than in patients with other pleural malig-
nancies or benign pleural disease [25, 26].

The value of DWI in the assessment of meso-
thelioma has increased in recent years. DWI, in 
which specific pulse sequences allow MRI to 
capture the diffusion of water across cell mem-
branes (membrane integrity), has been reported 
to demonstrate a “pleural pointillism” sign with 
diagnostic ability in the differentiation between 
malignant pleural disease and benign conditions 
that is superior to mediastinal pleural thickness 
and shrinking of the lung [27]. DWI has shown an 

Fig. 9.15 T1-weighted sagittal MR image demonstrates 
clear undersurface of the diaphragm (arrows) indicating 
that disease has not penetrated the peritoneal cavity

Fig. 9.16 Right-apical mesothelioma along the posterior 
medial aspect with direct invasion into the spinal canal 
demonstrated on an axial T2-weighted MR image (arrow); 
note invasion and displacement of the thecal sac 
(arrowhead)
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ADC value (computed from DWI images) that is 
significantly higher for the epithelioid histologi-
cal subtype of mesothelioma than for the sarco-
matoid subtype, presumably due to the increased 
water diffusion that occurs in epithelioid disease 
as a result of cells that are less densely packed 
than the cells of the sarcomatoid subtype [28]. 
The ability of MRI to extract information from 
mesothelioma tumors that could previously only 
be obtained from an invasive biopsy offers great 
promise for the future role of imaging in this 
disease.

9.5  Positron Emission 
Tomography

Positron emission tomography (PET) with the 
radiotracer fluorine-18-labeled 2-deoxyglucose 
(FDG) provides functional images of metabolic 
activity that are used throughout oncology to dif-
ferentiate malignant from benign lesions, provide 
tumor staging, and evaluate tumor response. It 
is important to note that almost all PET studies 
performed clinically today are actually PET-CT 
studies in which, during a single examination, 
both the functional information of PET and the 
anatomic detail of CT are acquired in a manner 
that simplifies co-registration, thus allowing for a 
more complete assessment. In the mesothelioma 
setting, the predominant role of PET is in the 
identification of the anatomic extent of disease. 
In addition to the qualitative, visual assessment 
of PET images, semiquantitative metrics such as 
the standardized uptake value (SUV) (the ratio of 
radiotracer uptake in a defined region, corrected 
for decay, to the injected dose normalized for 
body weight) and total glycolytic volume (TGV) 
(a parameter that considers total metabolic activ-
ity in the context of the volume of a defined 
region) enhance the benefit of this imaging 
modality. FDG-PET measures tissue metabolic 
activity of any nature, since FDG is not a spe-
cific tumor marker [29]; as a result, FDG-PET is 
unable to discriminate mesothelioma from other 
malignant pleural diseases or other tissues that 
are highly metabolically active such as inflam-
matory diseases. Thus, PET interpretation is 

particularly dependent on clinical context: meso-
thelioma patients with a prior talc pleurodesis, 
for example, are especially susceptible to poten-
tially misleading PET scans.

PET may be effective in guiding biopsy site 
selection and obtaining the most relevant tissue 
samples for analysis (Fig. 9.17). One study based 
on SUV values reported 91% sensitivity with 
100% specificity in the differentiation of benign 
and malignant pleural disease [29], a finding that 
could improve the yield of (and confidence in) 
acquired biopsy samples obtained with the ben-

Fig. 9.17 Fused coronal PET-CT scan image (CT dis-
played as grayscale; PET displayed as red temperature 
scale) demonstrating extensive left-sided pleural disease 
representing primary tumor; distinct additional focal 
mediastinal uptake reveals a subcarinal nodal mass 
(arrow), which represents a potential biopsy site associ-
ated with relatively diminished risk in sampling 
transbronchially
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efit of PET images. Although the potential contri-
bution of PET in tumor staging has been reported 
[29], the ability of PET to depict local extent 
of mesothelioma is not considered reliable and 
remains inferior to its ability to identify extratho-
racic metastases [30].

The unique functional nature of the informa-
tion captured by PET has made this modality 
the subject of studies investigating novel uses of 
imaging. One such study explored the prognos-
tic value of PET and identified volumetric FDG- 
PET parameters (specifically tumor volume and 
glycolytic activity) as being more predictive of 
survival than TNM staging [31]. Another study 
used FDG-PET to predict the early response 
of patients to chemotherapy [32], a task with 
important implications for patient manage-
ment and the conduct of clinical trials, and a 
task that establishes PET imaging as a poten-
tially powerful biomarker. Moving beyond FDG 
(the most common radiopharmaceutical), other 
radiotracers have been investigated for mesothe-
lioma. Fluorine-18- labeled fluoromisonidazole 
(FMISO) PET captures information about tumor 
hypoxia, a parameter that is key to understand-
ing tumor resistance to therapy. Mesothelioma 
tumor has been found to contain substantial areas 
of hypoxia based on FMISO-PET imaging [33]. 
Other groups have developed preclinical models 
to evaluate the efficacy of fluorine-18-labeled flu-
orothymidine (FLT) PET as a marker for tumor 
cell proliferation in mesothelioma [34].

9.6  Tumor Measurement

Assessment of disease progression or response to 
therapy is critical for patient management deci-
sions and the evaluation of drug efficacy during 
clinical trials. Tumor measurements obtained 
from medical images provide the basis for this 
assessment. Although CT has become the stan-
dard modality for the image-based assessment of 
tumor response, there might be a future role for 
other modalities such as FDG-PET and DWI in 
this domain [35]. To be useful, these quantitative 
measurements of tumor burden must be repro-
ducible with low variability across and within 

readers and they must be acquired in a standard-
ized manner for consistency across multiple sites. 
The issue of standardization has evolved over the 
years. For historical reference, in 1981 the World 
Health Organization (WHO) recommended the 
bidimensional measurement (the product of (1) 
the longest axial diameter of the lesion and (2) 
the longest diameter constructed perpendicular to 
this longest axial diameter) of tumors on imag-
ing studies [36]; tumor response was determined 
from the relative change of bidimensional mea-
surements across temporally sequential images 
[36]. In 2000, the Response Evaluation Criteria 
in Solid Tumors (RECIST) guidelines replaced 
the bidimensional measurement of a tumor with 
a single tumor measurement, the longest axial 
diameter [37, 38], and classified patients as dem-
onstrating (1) “partial response”, (2) “progressive 
disease”, (3) “stable disease”, or (4) “complete 
response” [38].

Both the WHO and the RECIST guidelines 
were meant to accommodate typical tumors 
that tend to be spherical in shape and tend to 
growth (or shrink) in a roughly isotropic manner; 
mesothelioma, however, with its circumferen-
tial extent around the lung and a growth pattern 
directed inward toward the center of the affected 
hemithorax, renders such guidelines inadequate 
[39, 40]. In 2004, “modified RECIST” intro-
duced a measurement paradigm specifically tai-
lored to the morphology and growth pattern of 
pleural mesothelioma tumor [41]. Although this 
article was published as a research study, the 
modified RECIST approach was quickly adopted 
by the mesothelioma clinical trials community 
as a de facto guideline in which two unidimen-
sional measurements of pleural thickness are 
obtained on each of three distinct CT sections, 
with the sum of these tumor thickness measure-
ments representing tumor burden; the RECIST 
tumor response classification then is applied to 
the change in the summed measurements across 
temporally sequential CT scans. The modified 
RECIST measurement process can be detailed as 
(1) the selection of three CT sections in which 
tumor is most prominent, (2) the identification 
of two specific locations (sites) within these sec-
tions, and (3) the measurement of tumor thick-
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ness at these sites, a step that may be subdivided 
as follows: (1) selection of a specific point along 
the outer tumor margin at which to initiate the 
measurement, (2) determination of the direc-
tion that captures the most appropriate dimen-
sion of the tumor, and (3) location of the inner 
tumor margin encountered in that direction; the 
distance between the outer and inner tumor mar-
gin points at each measurement site then repre-
sents tumor thickness at that site [42]. Recently, 
modified RECIST 1.1 guidelines were published 
to “collate and apply research published since 
the development of modified RECIST, align 
modified RECIST with RECIST 1.1, address 
those aspects of tumor measurement that were 
neglected or not well characterized in the modi-
fied RECIST paper, and clarify ambiguous or 
difficult measurement issues that have been high-
lighted through the subsequent decade of clinical 
trials research” [43]. So important is the topic of 
tumor measurement in mesothelioma that it is the 
subject of the next chapter in this book, which 
presents a more thorough treatment of the issues 
involved with image-based tumor measurements; 
applications to staging, prognosis, and tumor 
response assessment; the potential for measure-
ments of tumor volume; and the role of different 
imaging modalities.

9.7  Conclusions

Radiologic imaging is an essential tool for tumor 
assessment and patient management in malignant 
pleural mesothelioma. With an array of available 
imaging modalities, each designed to capture spe-
cific structural and/or functional characteristics of 
anatomy and disease, the strengths (and limita-
tions) of these various modalities must be under-
stood by the healthcare provider to maximize 
patient benefit from the imaging examination and 
reduce the potential for erroneous interpretation of 
the imaging findings. CT, MRI, and PET (or, more 
correctly, PET-CT) play distinct and often comple-
mentary roles in mesothelioma diagnosis, staging, 
response assessment, surgical planning, and sur-
veillance. Advancements in imaging technology 

over the years have enhanced the contributions of 
radiology to the multidisciplinary assessment of 
mesothelioma; future developments remain to be 
explored and incorporated into patient care.
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Measuring Malignant Pleural 
Mesothelioma

Anna K. Nowak and Samuel G. Armato III

10.1  Introduction

Measurement of the volume or bulk of tumor 
has three key purposes. First, when tumor bulk 
is measured at one timepoint, such as at the time 
of presentation, it may provide prognostic infor-
mation. Second, when tumor bulk is measured 
longitudinally, the rate of change may also refine 
prognostication. Third, tumor bulk measured lon-
gitudinally in the context of treatment provides 
a measure of treatment efficacy, and indirectly, 
additional prognostic information incorporat-
ing information from response or progression 
on treatment. Hence, measurement of disease 
underpins important activities which inform clin-
ical trials and epidemiological research—robust 
staging and measurement of response in groups 
of patients and determine individual patient care 
(assessing prognosis and evaluating treatment 
effectiveness). This chapter will cover the history 
and current status of measurement of mesothe-
lioma for these purposes and will highlight the 
most important challenges and areas for further 
research.

Measuring malignant pleural mesothelioma 
has posed many difficulties for radiologists, 
researchers, and clinicians. The goal of most 
tumor measurement, as stated above, is to elicit 
a metric that can represent a patient’s tumor bulk. 
While most non-mesothelioma tumors grow in 
a somewhat spherical morphology from an ini-
tial nidus of tumor (Fig. 10.1), malignant pleural 
mesothelioma grows as a rind around the interior 
of the chest wall and the exterior of the lung, form-
ing a circumferential plaque that is rarely uniform 
and may involve adjacent structures (Fig. 10.2). 
Although the volume of a spherical lesion can be 
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Fig. 10.1 Many cancers grow in a relatively spherical 
morphology from a central nidus. This example demon-
strates a left-sided peri-hilar non-small cell lung cancer
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approximately quantified through simple mathe-
matics, clearly this is a more difficult proposition 
for pleural mesothelioma. Furthermore, there are 
a number of potential confounders when attempt-
ing to measure pleural mesothelioma. For exam-
ple, it may be difficult to distinguish atelectasis, 
pleural scarring, pleural plaques, or effusion from 
tumor rind, particularly when pleural effusion is 
loculated or dense and may appear very similar in 
density to pleural tumor. These challenges caused 
by the growth pattern of mesothelioma and the 
similar density of adjacent structures will impact 
any form of tumor measurement in this disease.

10.2  Measuring Tumor for Cancer 
Staging

Cancer staging aims to stratify patient survival 
using anatomical tumor characteristics to describe 
the bulk of the disease and the involvement of 
organs or other structures. By definition, stage is 
determined from imaging performed at or around 
the time of diagnosis, prior to treatment initiation. 
The relationship among overall cancer burden, 
metastatic potential, and patient survival is well 
established in many cancers. Most cancer stag-
ing and prognostic systems include some estimate 
or surrogate of tumor burden within the T stage, 

often as categories based on unidimensional 
tumor diameter [1]. In many cancers, particularly 
those that are readily surgically resectable, cancer 
stage determines subsequent treatment. Cancer 
stage may also be an important inclusion or strati-
fication factor in clinical trials, and it allows for 
comparisons among datasets such as treatment 
or population registries. The AJCC/UICC cancer 
staging manuals, which undergo revisions every 
5–7 years, form an internationally consistent plat-
form for staging, with T, N, and M descriptors 
defined for each cancer and each stage. Clinical T 
categorization, or CT stage, incorporates imaging 
and physical examination performed prior to the 
start of any treatment. Historically, mesothelioma 
T staging has not included any surrogate of tumor 
volume but has instead detailed the anatomical 
structures infiltrated by disease, including the 
chest wall, lung parenchyma, mediastinum, and 
other adjacent structures [2–4]. Certainly, poten-
tial surgical management of mesothelioma may 
be more appropriately determined by anatomical 
extent of invasion rather than tumor size, but there 
may be a role for tumor measurements in meso-
thelioma staging, particularly to aid prognostica-
tion where surgical intervention is not proposed 
(Fig.10.3a and b).

The relationship between tumor burden and 
survival in mesothelioma has been known for 
two decades, with a 1997 paper describing the 
prognostic value of tumor volume in patients 
undergoing surgical resection. Tumors were mea-
sured using three-dimensional reconstructions of 
chest CT scans, with a measured tumor volume 
<100 cc predicting better survival [5]. These find-
ings have been reproduced in a number of studies 
of CT imaging-derived volume, most commonly 
in the context of extrapleural pneumonectomy 
[6, 7]. Semi-automated quantification of tumor 
volume using FDG-PET scanning also provides 
prognostic information, although only when his-
tological subtype is excluded from the model. 
In patients with epithelioid mesothelioma, total 
glycolytic volume (TGV), a composite of stan-
dardized uptake value intensity and tumor vol-
ume, was prognostic on both univariate and 
multivariate analysis [8]. These findings have 
been confirmed using a similar methodology that 

Fig. 10.2 Complex morphology of malignant pleural 
mesothelioma, with circumferential disease around the 
pleural cavity and infiltration into mediastinal fat, with 
involvement of the pulmonary fissure
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incorporated volumetric aspects with intensity of 
FDG uptake [9]. Hence, there is substantial evi-
dence for the importance of tumor volume as a 
prognostic factor in the context of surgery, che-
motherapy, and supportive care.

In an effort to provide a stronger evidence 
basis for the staging of mesothelioma, the 
International Association for the Study of Lung 
Cancer (IASLC) developed a prospective stag-
ing database that collected, in addition to the 
usual T staging descriptors of anatomical inva-
sion, three unidimensional measurements of 
pleural tumor thickness. These measurements 
were prospectively collected for the purpose of 
this database from 472 of the total 3519 patients. 
Unidimensional measurements of tumor thick-
ness were acquired to provide a semi-quantitative 
surrogate of tumor bulk. An important strength 
of this approach was its simplicity as a tech-
nique that could be readily applied in any set-
ting, including when the software, expertise, or 
time for CT-based volumetry was not available. 
Measurements of pleural tumor were obtained 
perpendicular to the chest wall or mediastinum 
at the point of maximum tumor thickness, with 
one measurement acquired each in the upper, 
middle, and lower third of the thorax (Fig. 10.4a 
and b) [10]. Individual pleural tumor thickness 
measurements ranged from 0 to 153  mm, and 
the median thickness increased from the upper 
to the middle zone and from the middle to the 
lower zone. These pleural thickness measure-

ments correlated with T stage categories—as 
the mean sum of the pleural thickness increased, 
so did the T stage. These exploratory data were 
statistically examined in three ways: using the 
maximum of the three thickness measurements, 
summing the three measurements, and ranking 
the measurement sum by quartile to identify 
prognostic cut points. Survival decreased as 
quartile of summed pleural thickness measure-
ment increased, with the median survival of the 
lowest quartile (<16  mm) being 23.4  months, 
and the median survival of the highest quar-
tile (>50  mm) being 13.2  months (p  =  0.005). 
Data-driven cut points of summed measurement 
below 13  mm, 13–60  mm, and above 60  mm 
sum also stratified for survival (p = 0.0001), and 
increasing thickness category was associated 
with increased clinical T category, nodal stage, 
and overall stage. Even a single data-driven cut 
point for maximal tumor thickness had prog-
nostic significance, with patients in whom no 
measured tumor thickness exceeded 5.1  mm 
having a median survival of 24.2  months, and 
those in whom any pleural thickness exceeded 
5.1 mm having a median survival of 17.7 months 
(p = 0.014). Moreover, the coarse categorization 
of tumor morphology into “minimal,” “nodular,” 
and “rind-like” yielded a significant difference 
in survival between those categorized as having 
minimal disease and those considered to have 
nodular or rind-like tumor (Fig. 10.5) (18.2 vs. 
14.5 months, respectively).

a b

Fig. 10.3 (a) No visible pleural tumor at presentation. 
Patient presents with pleural effusion only and has a more 
favorable prognosis. (b) Bulky mediastinal mesothelioma 

at presentation. Patient would be expected to have a less 
favorable prognosis
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Although these IASLC mesothelioma staging 
project data provide initial evidence to support 
the importance of tumor bulk in mesothelioma 
staging, there is currently insufficient evidence 
to support a move toward measurement-based 
staging, and T staging for now remains based on 
anatomical invasion [10]. Nevertheless, the next 
iteration of the IASLC mesothelioma prospective 
staging database will again include unidimen-
sional measurements as a surrogate for tumor 

bulk and will incorporate a pilot study on volu-
metric measurements. These data are expected to 
be collected over the next 3 years.

Further support for the relationship among 
unidimensional measurement of thickness, tumor 
volume, and survival was provided in a recent pub-
lication that examined these questions in patients 
undergoing radiotherapy on the SMART proto-
col prior to definitive surgery for mesothelioma 
[11]. The investigators obtained three structured 
measurements from each of the mediastinal, chest 
wall, and diaphragmatic tumors, yielding a total of 
nine unidimensional tumor measurements. Tumor 
volume was estimated from the gross tumor vol-
ume derived from a radiation boost volume cal-
culation. The total of these nine measurements 
correlated significantly (p < 0.0001) with tumor 
volume. The thickness of diaphragmatic tumor 
was most strongly associated with time to recur-
rence (p < 0.0001) and survival (p = 0.001), while 
the association with both was weaker for medias-
tinal tumor thickness and absent when only chest 
wall thickness was considered.

Hence, evidence clearly points to the prog-
nostic value of tumor volume, or surrogates of 
tumor volume such as unidimensional measure-
ments, in mesothelioma. It remains unclear as to 

a b

Fig. 10.4 (a) The thickest area of tumor is measured 
above the bottom of the aortic arch, between the aortic 
arch and top of the right atrium, and below the right 

atrium. (b) The maximal thickness at any slice within 
these “thirds” of the hemithorax is taken as the measure-
ment for the purpose of staging

Fig. 10.5 An example of “rind-like” morphology, with 
circumferential tumor of similar thickness encasing the 
pleural cavity
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whether tumor volume or other measurements 
will be more strongly prognostic than the cur-
rent T stage and whether these measurements 
should be incorporated into T staging in addition 
to, or instead of, descriptors of anatomical inva-
sion. For routine clinical practice, however, the 
simplicity of unidimensional measurements is 
clearly attractive.

10.3  Measuring Tumor to Assess 
Response to Treatment

Tumor response assessment underpins a number 
of key outcome measures in clinical trials. Not 
only is objective radiological response a surro-
gate outcome measure for the biological activ-
ity of treatments, but progression-free survival, 
time to progression, and duration of response 
are time- to- event measures that also require 
a robust and validated method of defining 
response and progression. The first widely used 
tumor response criteria were the WHO response 
criteria, which were very poorly suited to the 
unique growth pattern of pleural mesothelioma. 
The WHO response criteria were most suited to 
measuring lesions with well-defined bidimen-
sional axes, with each lesion measurement com-
prising the product of the longest diameter of 
the lesion and its longest perpendicular diameter 
[12]. Lesion measurements then were summed 
to produce a total baseline tumor measure-
ment, and these measurements were repeated 
at each imaging timepoint. A partial response 
was defined as a 50% decrease in the sum of 
these measurements with respect to baseline. 
Although unidimensional measurements were 
allowed, a partial response also required a 50% 
decrease in any unidimensional measurement, 
equating mathematically to a 75% decrease in 
the sum of the products of perpendicular diam-
eters. Hence, this measurement system, if used 
for unidimensional measurements in meso-
thelioma, required a correspondingly greater 
reduction in tumor to be considered a “partial 
response” and may have contributed to the his-
torical lack of measured chemotherapy efficacy 
in this disease.

In 2000, the RECIST 1.0 criteria for assess-
ment of tumor response were developed, an 
important modification of which was the use of 
unidimensional tumor measurements only [13]. 
Unidimensional measurements have been theo-
rized to be more closely related to cell kill by 
chemotherapy than the bidimensional product, at 
least with respect to spherical tumor masses [14]. 
There is also agreement between the sum of the 
product of diameters and the sum of unidimen-
sional measurements for spherical tumors [14], 
although others identified discordance between 
response categories allocated using WHO vs. 
RECIST 1.0 criteria [15]. Nevertheless, it is 
important to remember that the unidimensional 
measurements of RECIST 1.0 evolved from the 
measurement of essentially spherical lesions and 
assumed relatively symmetrical changes in all 
tumor diameters.

RECIST 1.0 is limited in its application to 
mesothelioma. The unit of measurement is the 
“lesion,” and given that mesothelioma often 
comprises one contiguous tumor mass, there 
is no guidance as to which part of this mass 
would be considered a “lesion” and whether the 
mass could be measured in more than one area. 
Furthermore, the requirement to record ‘”all” 
other lesions or sites of disease as nontarget 
lesions imposes a difficult documentation bur-
den on those measuring mesothelioma. RECIST 
1.0 requires the measurement of each lesion’s 
“longest diameter,” which is clearly problematic 
in mesothelioma as the growth of mesothelioma 
usually follows the curvature of the chest wall, 
with no clear endpoint to the longest diameter 
(Fig.  10.6a). Furthermore, when mesothelioma 
responds to therapy, that response usually dem-
onstrates as a reduction in tumor thickness, 
rarely as a reduction in the extent of tumor along 
the chest wall or mediastinum (Fig. 10.6b). The 
“longest diameter” could also be applied to 
measurements of structures of fixed length, for 
example, tumor infiltrating the pulmonary fis-
sures or tumor between two fixed structures such 
as the carina and thoracic vertebrae; however, 
clearly this presentation would again be inap-
propriate for assessment by longest diameter, as 
any reduction in tumor burden would reduce the 
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thickness of pulmonary fissure involvement, for 
example, rather than the longest diameter of the 
tumor.

Following the publication and adoption of 
RECIST 1.0, shortcomings of these criteria as 
applied to mesothelioma were rapidly high-
lighted in the literature [16–18]. However, prior 
to the development of RECIST 1.0, an adaptation 
of response criteria that utilized unidimensional 
measurements of the tumor rind thickness had 
been described and used in two phase II clini-
cal trials [19, 20]. A similar set of criteria also 
was adopted for the pivotal randomized phase III 
clinical trial of cisplatin and pemetrexed, which 
first demonstrated benefits of chemotherapy in 
advanced mesothelioma and promoted the utility 
of incorporating unidimensional measurements 
of tumor rind thickness as a surrogate for overall 
survival benefit [21]. Widespread acceptance of 
the results of this important clinical trial laid the 
foundation for acceptance of modified RECIST 
for mesothelioma, published in 2004 [22].

10.4  RECIST Modified 
for Mesothelioma

Modified RECIST for mesothelioma (mRE-
CIST) was published as a research paper and 
subsequently became the de-facto standard meth-

odology for response assessment in mesothe-
lioma, a fact often overlooked when noting gaps 
in the measurement and response assessment 
approaches outlined in this paper [22]. In the 
context of specific guidance on implementation 
of tumor measurement protocols, mRECIST did 
not include, or did not specify in detail, some key 
points. Essentially, mRECIST for mesothelioma 
did not propose a new set of response criteria and 
was implicitly intended to align with RECIST 1.0 
when considering issues such as minimum mea-
surable disease, categories of response, and han-
dling of non-pleural lesions; however, it described 
a set of guidelines around how to obtain tumor 
measurements in this disease. Most notably, 
mRECIST proposed two measurements perpen-
dicular to the chest wall or mediastinum at each 
of three levels (CT sections) to capture tumor 
thickness in the affected hemithorax (Fig. 10.7a–
c). The sum of these measurements then became 
the unidimensional pleural measurement for 
any given CT scan, with the sum of the unidi-
mensional measurements of any additional non- 
pleural lesions being treated as per RECIST 1.0 
and added to the pleural measurement. Criteria 
for response (a reduction of at least 30% in the 
summed tumor thickness measurements) and 
progression (a summed measurement increase 
of at least 20%) were unchanged by mRE-
CIST. Despite some ambiguities, mRECIST has 

a b

Fig. 10.6 (a) The “longest diameter” of this tumor site 
could ostensibly be measured as shown (white line) in this 
image. (b) the area measured in Fig. 10.6a. has reduced in 

thickness with a very significant tumor response; how-
ever, the “longest diameter” measurement from Fig. 10.6a. 
would be unchanged
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generally been applied as intended and has now 
been widely used in mesothelioma clinical trials 
for over a decade [23–29]. Although the extent of 
reduction in unidimensional measurements that 
should be considered “partial response” in meso-
thelioma has been debated, the original mRE-
CIST paper did demonstrate improved patients 
outcomes with a 30% reduction in unidimen-
sional measurements. More recently, Labby et al. 
used tumor thickness as a continuous variable in 
an independent cohort and validated that change 
in mRECIST-acquired tumor thickness measure-
ments was independently associated with patient 
prognosis [30].

10.5  Updating RECIST Modified 
for Mesothelioma

In 2009, RECIST was updated to version 1.1, 
with a suite of publications detailing not only the 
updated guidelines but also reporting in detail 
the research supporting the proposed changes 
[31–38]. Notable changes included reducing 
the number of lesions to be measured per organ, 
providing specific guidelines for the measure-
ment of pathological lymph nodes, changes to 
requirements for confirmation of response, and 
incorporation of a minimum increase in tumor 
measurement when determining response in 
order to mitigate the risk of overcalling progres-
sion based on small changes in tumor measure-
ment. These changes had not yet been applied to 
mesothelioma, as mRECIST remained the stan-
dard response guidelines in this disease. Some 
elements of RECIST 1.1 were intuitively appro-

priate to incorporate in the mesothelioma set-
ting, for example, measurement of pathologically 
involved lymph nodes had excellent validity for 
use in mesothelioma. The requirements for con-
firmation of response only when response was a 
primary endpoint were also relevant; however, 
to consider a reduction in the number of lesions 
measured from an involved hemithorax from six 
(per mRECIST) to two (per RECIST 1.1) would 
substantially reduce the representativeness of any 
measured area of tumor.

To clarify ambiguities in mRECIST and 
incorporate important and relevant updates from 
RECIST 1.1, modified RECIST 1.1 for mesothe-
lioma (mRECIST 1.1) was developed [39]. This 
paper provides more detailed guidance on the 
application of measurements in mesothelioma, 
adds updated recommendations in the context 
of RECIST 1.1, and incorporates intervening 
research, as well as clarifications from a decade 
of experience. Aspects that required specific 
clarification included definition of minimal mea-
sureable disease and measurable lesions, more 
guidance around location of measurements and 
descriptions of nonmeasurable pleural disease, 
and incorporation of specific considerations 
around pathological lymph nodes, non-pleural 
disease, bilateral pleural disease, and progressive 
disease.

RECIST 1.0 and 1.1 conceptualize the 
“lesion” as the unit to be measured, but this 
 concept is difficult to apply to mesothelioma. 
While many other tumors are discrete foci that 
can be measured in a longest dimension, the 
growth pattern of mesothelioma as a circum-
ferential sheet or rind around the lung means 

a b c

Fig. 10.7 (a–c) Two unidimensional measurements have 
been taken perpendicular to the chest wall or mediastinum 
on each of three axial CT slices, to give six measurements 

in total which form the sum of unidimensional pleural 
measurements
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that a patient’s tumor could actually comprise 
one continuous tumor mass, potentially a single 
“lesion,” extending through multiple levels of 
the hemithorax and across multiple CT sections. 
However, to consider that the complexities 
of tumor growth or response in mesothelioma 
could be captured by one measurement from 
this single lesion is overly simplistic. Modified 
RECIST 1.1, hence, formalizes the concept of a 
“measurement site” on the pleura, allowing the 
observer to select a number of appropriate mea-
surement sites irrespective of the number of sep-
arate physical lesions. The observer first selects 
CT sections with the greatest pleural thickness 
and identifies sites on these sections that are 
most suitable to reproducible longitudinal mea-
surements. When measuring tumor thickness, 
the observer must select a point on the outer 
margin of the tumor to initiate the measure-
ment and then measure in a direction that best 
captures the thickness of the tumor at the site, 
extending the measurement to the inner margin 
of the tumor [40]. Ideally, these measurements 
would be made using a computer interface and 
will be, as per mRECIST, perpendicular to a 
tangent to the curve of the pleura on the chest 
wall or mediastinum. Even when the same point 
on the outer tumor margin is selected, differ-
ent observers may construct measurement lines 
either in different directions or with differing 
interpretations of the inner margin of the tumor, 
thus leading to interobserver variability [40, 41]. 
Hence, in order to reduce variability, mRECIST 
1.1 recommends that once a baseline measure-
ment has been obtained at a specific measure-
ment site, all subsequent measurements at that 
site should be oriented in the same direction. 
Furthermore, the same image display param-
eters should be used at each timepoint, which 
may provide more consistency in selecting the 
inner margin of the tumor. mRECIST 1.1 also 
suggests that the same observer acquire mea-
surements across timepoints. To maximize tem-
poral consistency, even when the same observer 
is obtaining measurements sequentially, it is 
highly recommended that observers capture 
annotated images for use as a visual reference 
when future measurements are acquired.

The original mRECIST did not explicitly state 
the minimum tumor thickness measurement but 
was intended to accord with the RECIST 1.0 
definition of 10 mm as the minimum measurable 
disease thickness. The concept underpinning this 
minimum lesion size recommendation was that 
the minimum size for a measurable lesion should 
be twice the CT scan section thickness, which was 
5 mm at the time RECIST was published; despite 
section thicknesses of 1–3 mm now standard on 
contemporary CT scanners, this 10-mm recom-
mendation was not updated by RECIST 1.1. CT 
scanner resolution combined with the typical 
presentation of mesothelioma tumor as a sheet 
that extends across multiple contiguous axial CT 
sections seemed to suggest that this size recom-
mendation could be reduced; however, as the size 
of an object to be measured decreases, the vari-
ability of measurement increases, thus increasing 
the chance of incorrect classification of response 
[42]. As an intervening study in mesothelioma 
measurement demonstrated that observer vari-
ability was acceptable down to tumor thickness 
measurements of 5 or 7.5  mm [43], mRECIST 
1.1 now proposes a decrease in the requirement 
for minimally measurable tumor thickness from 
10 to 7  mm. This change has the potential to 
increase the proportion of patients with earlier 
disease who may become eligible for clinical tri-
als based on measurable tumor and will redress, 
in part, the disadvantage that patients with meso-
thelioma face through the 10-mm- thickness 
requirement, which equates to a very substantial 
tumor burden in this disease due to its unique 
morphology [44]. This change may also increase 
the number of sites available for measurement in 
clinical trial participants, potentially decreasing 
measurement variability through incorporation of 
more discrete measurement sites.

mRECIST 1.1 also clarifies the number of 
sites that should be measured for assessment of 
response. While RECIST 1.0 proposed measure-
ment of up to 10 lesions in total with up to 5 in 
any one organ, RECIST 1.1 reduced the number 
of lesions to be measured to two per organ. mRE-
CIST for mesothelioma originally specified the 
selection of six measurement sites but was ambig-
uous as to whether all six sites were required or 
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whether the six sites represented a maximum 
number. mRECIST 1.1 for mesothelioma now 
specifies that up to six pleural measurement sites 
may be selected and that the measurement at each 
site must meet the criterion for minimally measur-
able disease. Each CT section for measurement 
is ideally selected on the basis of measurement 
reproducibility, with anatomic landmarks being 
readily identifiable for matching axial measure-
ment levels in scans at subsequent timepoints. 
Nevertheless, mRECIST 1.1 also recognizes that 
the presence of measurable tumor is of primary 
importance. Because sites superior to the level of 
the left atrium are less vulnerable to the impact 
of inspiratory effort, and those below the level of 
the aortic arch reduce the impact of volume aver-
aging and pleural curvature, these considerations 
should be incorporated into selection of measure-
ment sites.

mRECIST 1.1 specifically addresses circum-
stances such as measurement of bilateral disease, 
non-pleural lesions, and measurement of nodal 
disease. Bilateral disease should be measured 
as if the pleura is a single organ, with a maxi-
mum of six pleural measurement sites distrib-
uted across both pleurae. Similarly, non-pleural 
lesions are handled as per RECIST 1.1; however, 
the up to six pleural measurement sites will be 
counted as the contribution from one organ (i.e., 
nominally as two measurements) toward the 
sum of measurements specified by RECIST 1.1. 
Furthermore, non-pleural lesions can be consid-
ered “measurable disease,” even if no measurable 
pleural disease is apparent. Nodal disease should 
be measured unidimensionally as per RECIST 
1.1, with any nodes identified as target lesions 
having a short axis of ≥15  mm and with the 
nodal short- axis measurement added to the over-
all measurement of tumor burden. mRECIST 1.1 
acknowledges that some nodal sites, for example, 
internal mammary nodes and intercostal nodes, 
are unlikely to be seen at all unless pathological; 
however, at the moment there is insufficient data 
to make any recommendations that differ from 
RECIST 1.1.

Because mesothelioma is often circumfer-
ential, there may be many areas of tumor that 
cannot be incorporated into specific measure-

ment sites or may not meet criteria for measur-
able disease. The morphology of mesothelioma 
does not allow for these areas to be individually 
noted; hence, mRECIST 1.1 allows for other 
foci of disease to be described as a whole with 
descriptive terms such as “extensive pleural 
thickening,” “extensive pleural nodularity,” or 
“circumferential pleural thickening.” There is 
no expectation that numerous individual pleu-
ral lesions be specifically identified as nontarget 
lesions.

Under mRECIST 1.1, tumor response crite-
ria for partial and complete response and stable 
disease mirror those of RECIST 1.1, as does a 
requirement for partial or complete response to 
be confirmed by a follow-up scan at least 4 weeks 
later; however, while progressive disease still 
requires an increase in the summed measurement 
of at least 20% over the nadir measurement, an 
absolute increase of the summed measurement 
of at least 5 mm over the nadir summed measure-
ment is also required, consistent with RECIST 
1.1. Assessment of “unequivocal” new lesions 
also requires careful review of adjacent CT sec-
tions to ensure that the “new” lesion has not 
been displaced, for example, from an adjacent 
section with change in inspiratory effort or tho-
racic contraction. Regarding a measurement site 
that demonstrates reduced thickness, RECIST 
1.1 specifies that a default value of 5 mm is to 
be assigned if an actual measurement cannot 
be acquired; however, given that the sheet-like 
structure of mesothelioma has one margin that 
generally abuts normal structures and that the 
partial volume effect in the axial dimension does 
not need to be considered, mRECIST 1.1 rec-
ommends a default value of 2  mm if tumor is 
present at a measurement site but is too thin to 
accurately measure.

Because mesothelioma is nonspherical, the 
RECIST response classification criteria may not 
reflect the same changes in volume for the uni-
dimensional changes that categorize response. 
This notion has been demonstrated in geometric 
 modeling [44] and also using patient imaging 
data. In fact, the response criteria that were most 
highly correlated with survival were a reduction 
of 64% in unidimensional measurement for partial 
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response and an increase of 50% for progressive 
disease [30]. Nevertheless, until alternative cri-
teria are fully validated in a prospective clinical 
trial, no changes have been recommended for 
mRECIST 1.1.

10.6  Measurement 
of Mesothelioma 
in Immunotherapy Clinical 
Trials

The advent of immunotherapy has required 
some reframing of response criteria developed to 
assess response to chemotherapy. As with other 
cancers, mesothelioma is the subject of numer-
ous immunotherapy clinical trials, with the key 
challenge in response assessment being immune-
related pseudoprogression. Pseudoprogression 
is believed to develop when the immunological 
response to tumor leads to an influx of immune 
cells, which may result in an apparent increase 
in the bulk of the tumor as seen on imaging. 
This process has been considered in a number 
of modifications to the RECIST criteria, most 
recently with a consensus-based modification 
of RECIST 1.1 for immune-based therapeutics 
published by the RECIST working group [45]. 
These iRECIST guidelines, which are based 
on RECIST 1.1 measurements, allow patients 
to continue on clinical trials despite develop-
ment of apparent new lesions or suspected ini-
tial progression of baseline target lesions, which 
initially would be considered “unconfirmed pro-
gressive disease” (iUPD). With continued imag-
ing, iUPD can subsequently become “confirmed 
progressive disease” (iCPD). This approach 
allows patients to continue treatment when there 
is suspicion of pseudoprogression. iRECIST did 
not specify any considerations around pleural 
mesothelioma; however, mRECIST 1.1 recom-
mends that the general principles of iRECIST 
be adopted for immunotherapy clinical trials in 
which pseudoprogression or delayed response 
may occur. Each clinical trial protocol should 
include adequate specific guidance on the appli-
cation of iRECIST, informed by the general 
principles of mRECIST 1.1.

10.7  Incorporating FDG-PET-CT 
into Response Assessment 
for Mesothelioma

18F-FDG-PET/CT is an important cancer imag-
ing modality that has proven useful in response 
assessment in other cancers. FDG-PET and FDG-
PET-CT have been studied in response assessment 
in pleural mesothelioma; however, PET-based 
imaging has not been well validated as a surro-
gate measure of outcome in large patient cohorts 
or in a prospective randomized clinical trial [46–
49]. There are also important limitations to the 
measurement of response using FDG-PET, most 
notably the difficulty in interpreting changes in 
FDG uptake and SUV in the context of postop-
erative changes, inflammation or infection, or prior 
pleurodesis [8, 50, 51]. mRECIST 1.1 does not 
currently recommend incorporating FDG-PET-CT 
into measurement of response, and it is likely that 
the difficulties in applying FDG-PET criteria to a 
large subgroup of patients who have had pleural sur-
gery or pleurodesis mean that this will not become 
a validated standard in the future (Fig. 10.8). Other 
PET tracers such as FLT-PET have been tested but 
also suffer from limitations [52].

10.8  Using CT Volumetry 
in Measurement of Pleural 
Mesothelioma

The potential of volumetry in the assessment 
of tumor response has also been studied and, if 
consistent and validated, would render the need 
for tumor measurement guidelines obsolete. 
Tumor volume also has potential use in staging. 
Clearly, the clinical use of change in volume 
would require a different response and pro-
gression metric. Mathematically, the RECIST 
response  criteria, 30% reduction in tumor diam-
eter for partial response and 20% increase in 
tumor diameter for progressive disease, equate 
to a 66% reduction in tumor volume and a 73% 
increase in tumor volume, respectively, using the 
spherical model for which these criteria were 
derived [44]. When these proposed volumet-
ric “response criteria” were applied to pre- and 
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post-chemotherapy CT scans in one study, there 
was no significant difference among three read-
ers in derived tumor volume (p  >  0.42) and a 
high intraclass correlation coefficient (0.99) for 
agreement among readers in response category 
[53]. This was not the case for response catego-
ries derived from mRECIST measurements, for 
which there was poor agreement among three 
readers. Other investigators have found signifi-
cant variability in tumor volume measurements 
for mesothelioma [54]. Although there is an 
acknowledged association between mesothe-
lioma tumor volume and survival [55, 56], the 
use of response categories translated directly 
from unidimensional measurements has not been 
validated, nor have any new volumetric response 
metrics been developed with sufficient clinical 
validation to be used in clinical trials or clini-
cal decision making [57]. Consistent application 
of tumor volume measurements would require 
use of the same image analysis software, patient 
setup, and image acquisition parameters; how-
ever, it remains difficult to standardize radiolo-
gist perception. Even in the simpler context of 
lung nodule volumetry, these issues have been 
challenging to standardize [58].

Measurement of tumor volume in mesotheli-
oma is very challenging. The difficulties in distin-
guishing mesothelioma from adjacent structures, 
pleural effusion, and atelectasis are not confined 

to the human eye; computerized systems also 
struggle to differentiate between tumor and other 
structures that may mimic the texture and imag-
ing characteristic of tumor [59]. Correlation 
between physical tumor bulk of postoperative 
specimens and CT-obtained tumor volumes was 
also lower than expected [60]. Indeed, an advan-
tage of selecting individual representative sites 
of tumor for measurement, as per mRECIST, is 
that ambiguous areas and regions that are diffi-
cult to measure with confidence can be avoided. 
Furthermore, there are no tumor volume mea-
surement software systems that do not require 
radiologist expertise and input; this need would 
pose a challenge in clinical trials, in which site 
clinical investigators commonly acquire mea-
surements. MRI volumetry has also been studied, 
but MRI is more time consuming than CT and 
remains a more scarce resource in most settings; 
there has been limited research in this space [61].

It is worth noting that while the accuracy of 
tumor volume measurements as a representation 
of tumor bulk and change in tumor bulk may, in 
the future, be superior to unidimensional mea-
surements, the goal of tumor measurement for 
response is not necessarily accuracy per se, but 
rather the use of a reproducible, simple, and ade-
quate surrogate of patient outcomes. Taking these 
considerations into account, mRECIST 1.1 does 
not recommend the use of tumor volume for the 
current response criteria and proposes that meso-
thelioma tumor volumetry remains a research 
tool at the moment.

10.9  Conclusion

In conclusion, measurement of pleural tumor in 
malignant mesothelioma is a key part of clini-
cal management and clinical trial interpreta-
tion. Clinicians, radiologists, and investigators, 
however, are challenged by the unique rind-like 
growth pattern of this disease, which leads to 
difficulty in applying staging and response 
criteria that perform well in tumors of a more 
spherical morphology. Nevertheless, more 
appropriate measurement guidelines for response 
have been developed for this disease and are in  

Fig. 10.8 FDG-PET-CT can help distinguish tumor (*) 
from pleural effusion (#); however, the use of FDG- 
PET- CT in assessment of response to treatment has not 
yet been validated
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widespread use in clinical trials. These guide-
lines recently have been comprehensively 
updated to harmonize with RECIST 1.1 and to 
clarify aspects that were ambiguous in the origi-
nal mRECIST publication. The use of tumor 
measurement in staging is under investigation, 
and although preliminary data support the prog-
nostic potential of tumor measurements, they 
have not yet been formally incorporated into 
staging in this disease. CT scans remain the 
mainstay of imaging for tumor measurement 
in mesothelioma. Techniques such as CT volu-
metrics are promising research tools but have 
not yet been incorporated into routine clinical 
or clinical trial use since optimal, reproducible 
platforms and techniques remain unclear. MRI 
and FDG-PET scans have specific limitations 
in this context and are not routinely used in the 
measurement of tumor for response assessment. 
mRECIST 1.1 now should be considered the 
standard criteria for the assessment of tumor 
response to treatment in pleural mesothelioma.
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Role of Metabolic Imaging 
in Mesothelioma
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11.1  Introduction

Early diagnosis and clinical staging in patients 
affected by malignant pleural mesothelioma 
(MPM) is necessary to manage individual ther-
apy strategies.

Imaging plays an important role in the diag-
nostic assessment of patients with MPM disease: 
in particular, computed tomography (CT) and 
magnetic resonance imaging (MRI) are routinely 
used for non-invasive clinical staging.

The most common CT features of malignant 
pleural mesothelioma consist of pleural effusion, 
pleural thickening, ipsilateral lung volume loss, 
loco regional invasion, lymphadenopathy and 
metastatic disease [1].

Because of the complex growth pattern of 
MPM, it is difficult to make a clinical judgement 

only based on morphological imaging, so 18F- 
FDG PET-CT represent an important additional 
imaging tool in these patients.

Comparative assessment of imaging results 
is necessary to evaluate all the areas of possible 
invasion and to select those patients who may 
benefit from multimodality treatment.

CT is readily accessible and provides a large 
number of anatomic information: this imaging 
practice can be used to recognize patients with 
clearly unresectable MPM (diffuse extension 
of tumour into the chest wall, mediastinum, or 
peritoneum or metastatic disease). Though, MRI 
or PET can be used as preoperative non-invasive 
imaging techniques to integrate CT results in 
controversial cases [2].

11.2  PET-CT

Positron emission tomography-computed tomog-
raphy (PET-CT) is a non-invasive imaging tech-
nique used to generate quantitative parameters 
regarding the metabolic activity of target patho-
logic tissues.

PET-CT combines, in a single gantry, a posi-
tron emission tomography (PET) scanner and a 
computed tomography (CT) scanner. This hybrid 
device allows to acquire sequential images and 
generates metabolic and morphological features 
in the same session, combining these into a single 
image.
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Anatomic imaging is complementary to 
functional imaging: when combined, the two 
modalities can both identify and localize func-
tional abnormalities, a feature that was lacking 
in pure PET imaging. In general, CT adds speci-
ficity to the method, whereas PET adds mostly 
sensitivity.

Therefore, combined PET-CT allows the 
distinction between normal physiologic uptake 
and pathologic uptake, providing an accurate 
localization and characterization of tissues. The 
result is a significant reduction of the incidence 
of false positive and false negative imaging 
studies.

PET-CT improved medical diagnosis in many 
fields: in particular, hybrid imaging is playing 
an important role in the diagnosis and staging 
of malignant diseases, in therapy planning and 
assessment of metabolic response to treatment 
[3, 4].

In clinical practice, 18F-fluoro-deoxy-glucose 
(FDG) is the most used radiopharmaceutical: 
FDG is an analogue of glucose, consequently it is 
absorbed, phosphorylated and retained by tissues 
with high uptake of glucose, working as a marker 
of tissue metabolic activity.

Although FDG uptake is not specific to cancer, 
it is well known that there is an over- expression 
of the GLUT glucose transporters into malignant 
cells and an upregulation of enzymatic activity 
resulting in increased tracer uptake.

Before the examination, the patient has to fol-
low some preparation rules. The main objective 
is to decrease the tracer uptake in normal struc-
tures, like skeletal muscle, while maintaining and 
optimizing the tracer uptake in the target tissues. 
Therefore, non-diabetic patients should fast for at 
least 6 h before the FDG PET-CT study [5].

FDG uptake value has been revealed to be use-
ful as imaging biomarker, but it is related not so 
directly to the proliferative activity. SUVmax is 
the most commonly used parameter to analyse 
PET/CT images: it is a semi quantitative measure, 
corresponding to the maximum standardized 
FDG uptake value of the tumour. This parameter 
takes into account the influence of the injected 
FDG activity and the patient size on FDG uptake 
measurement [6].

11.3  Differential Diagnosis 
Between Malignant 
and Benign Pleural Lesions

Exposure to asbestos causes asbestos-related 
malignant diseases, like malignant pleural meso-
thelioma, and a large number of benign lesions, 
as well as pleural plaques, benign asbestos- 
related pleural effusion (BAPE) and diffuse pleu-
ral thickening (DPT) [7].

The most common manifestations of malig-
nant pleural mesothelioma are pleural effusion 
and pleural thickening. These are very common 
patterns, which can be related to a large number 
of malignant and benign diseases.

Pathologic confirmation by pleural biopsies is 
always required to make a definitive diagnosis. 
However, these are invasive techniques; non- 
invasive methods, such as imaging techniques, 
are important to identify the lesion to submit to 
biopsy and especially to avoid unnecessary inva-
sive procedures in patients with a poor perfor-
mance status.

Computed tomography (CT) identifies prop-
erly the location and dissemination of pleural 
lesions but is not always able to differentiate 
between malignant and benign disease.

18F-FDG PET-CT could be useful in detecting 
malignant pleural lesions in patients exposed to 
asbestos with pleural injuries [8].

Indeed 18F-FDG PET-CT provides functional 
and morphologic imaging at the same time, 
allowing a better interpretation combining the 
morphologic feature of the lesions on CT with 
the 18F-FDG uptake on PET.

Terada et  al. demonstrated that patients with 
MPM had significantly higher SUVmax (maxi-
mum Standardized Uptake Value) levels than 
non-MPM population, including patients with a 
history of asbestos exposure and a group that was 
not exposed to asbestos. Therefore, the authors 
hypothesized that levels of SUVmax could be also 
useful in the diagnosis of mesothelioma [8].

Another observational study by Yildirim et al. 
demonstrated that SUVmax levels of the pleu-
ral lesions upper than 2.2 are strongly related to 
malignant disease, with a sensitivity of 94.1% and 
a specificity of 100%. Therefore, these patients 
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need to be investigated by invasive procedures. 
At the same time SUVmax shows a negative pre-
dictive value of 93.3%, and values <2.2 probably 
suggest non-malignant pleural disease and these 
patients are spared invasive procedures [6].

Another study by Sun et  al. investigated the 
role of the 18F-FDG PET-CT in the differential 
diagnosis between benign and malignant pleural 
effusion. Malignant pleural mesothelioma has to 
be always supposed in patients affected by pleu-
ral effusion with a history of asbestos exposure. 
On CT imaging pleural effusion is suspected 
when associated to nodular, focal and irregular 
pleural thickening. They suggested that is pos-
sible to increase CT evidences with 18F-FDG 
uptake values. Indeed 18F-FDG uptake increases 
in malignant lesions, and it should be diagnostic 
when SUVmax values are higher than mediasti-
nal activity.

This study demonstrated that the sensitivity 
in detecting malignant effusion of CT imaging is 
75%, of 18F-FDG PET-CT is 91% and with inte-
grated PET-CT increases to 93.5%. Specificities 
of CT imaging, 18F-FDG PET imaging and 18F- 
FDG PET/CT integrated imaging were 94.1%, 
63.2% and 92.6% in detecting benign effusion. 
In conclusion, Sun et al. confirmed that 18F-FDG 
PET/CT is more reliable than 18F-FDG PET and 
CT imaging in differential diagnosis of malig-
nant and benign pleural effusion [9].

A large number of non-malignant diseases 
could simulate MPM pattern and may lead to 
an incorrect diagnosis. Indeed, infections and 
inflammatory processes involving lungs, pleura 
and mediastinal lymph nodes cause an accumula-
tion of inflammatory cells: these elements pres-
ent an augmented metabolism state and show an 
increased FDG uptake. When also CT images are 
suspicious, a biopsy is recommended. Common 
manifestations that have to be differentiated from 
MPM are the following:

• Caseating granulomas: these structures are 
typical of Mycobacterium Tuberculosis and 
affect lungs and bronchopulmonary lymph 
nodes. Histologically, granulomas are formed 
by epithelioid macrophages and lymphocytes 
surrounding a cellular necrotic centre.

• Non-caseating granulomas: sarcoidosis is a 
systemic inflammatory disease that involves 
multiple organs, but mostly pulmonary paren-
chyma and lymph nodes. Granulomas present 
an increased FDG uptake, but it usually nor-
malizes after steroid treatment.

• Amyloidosis: amyloid is a proteinaceous 
material and may settle in multiple organs, 
such as lungs and pleura. Amyloid deposits 
appear on CT like multiple nodules with sharp 
borders and containing calcifications.

• Talc pleurodesis: this procedure is generally 
performed to prevent the recurrence of 
malignant pleural effusions, establishing a 
local chronic inflammation. Pleurodesis is 
indicated also in patients affected by 
advanced MPM, therefore, is essential to 
distinguish this pattern from MPM recur-
rence. It appears as a pleural thickening and 
talc nodules on CT.

• Pleural fibrosis: asbestos or beryllium expo-
sure could induce benign bilateral fibrosis and 
multifocal pleural plaques. These are typically 
lower than 1 cm and calcific on CT [10].

11.4  Non-invasive Preoperative 
Staging

In patients affected by MPM a correct staging 
of the disease anatomic extension is essential 
for selecting patients with resectable lesions: 
these patients would benefit from multimodality 
treatment, including chemotherapy, surgery with 
extra pleural pneumonectomy (EPP) and adju-
vant radiation therapy.

According to the International Mesothelioma 
Interest Group (IMIG) staging system for MPM, 
only patients with stages I, II and III disease are 
suitable for surgery and have a better survival 
after EPP.  Instead, patients with stage IV (any 
T4, any T3 and any M1) are not fit for surgical 
procedures and are directly addressed to chemo-
therapy [11].

Computed tomography (CT) and magnetic 
resonance imaging (MRI) are the imaging 
 techniques of choice for studying the local exten-
sion and nodal invasion of the MPM disease [12].

11 Role of Metabolic Imaging in Mesothelioma
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Nonetheless, CT is often unsuccessful to rec-
ognize locally advanced and metastatic disease. 
Indeed, this technique usually underappreciates 
the extension of the tumour and is not always 
reliable to discriminate microscopic tumour 
invasion in the chest wall, mediastinal structures 
(especially in pericardium area) or through the 
diaphragm (Figs. 11.1 and 11.2). Consequently, 
approximately 20–30% of patients undergo inva-
sive VATS (Video Assisted Thoracoscopy) and 
are identified as not suitable for extra pleural 
pneumonectomy [13, 14].

Flores et  al. supposed that functional imag-
ing might be considered in staging for improving 
performance in detecting unresectable disease 
and avoid inappropriate invasive investigation. 
However, PET imaging alone shows a lack 
of spatial resolution and cannot discriminate 
patients with T3 or T4 disease [12].

The introduction of combined PET/CT, 
with co-registration of anatomic and metabolic 

imaging, increases the detection of areas with 
augmented FDG uptake and the accuracy of pre-
operative IMIG staging [15].

In a report by Sørensen et al., the sensitivity of 
PET/CT in detecting T4 disease was 78%, com-
pared to 67% in a study by Erasmus et  al. and 
19% using PET alone by Flores et al. [14, 16].

Fig. 11.1 PET/CT discriminate locally advanced dis-
ease. This practice permits the description of chest wall 
invasion, which could be underestimated by CT

Fig. 11.2 PET/CT discriminate locally advanced disease. This practice permits the description of mediastinum struc-
tures invasion, which could be underestimated by CT
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The high morbidity and mortality of the EPP 
practice necessarily requires invasive staging 
with VATS, which is decisive and essential when 
incongruities among CT, PET/CT and MRI occur 
in patient candidate to surgery [14].

Unfortunately, low spatial resolution of PET/
CT combined with strong FDG uptake by the 
pleural lesion can make it hard to differentiate the 
primary lesion from bronchopulmonary and hilar 
lymph nodes involvement (stage N1). Although 
this may change the prognosis, it does not affect 
surgical management [16].

On the contrary, PET/CT is helpful in distin-
guish between N2 and N3 disease: indeed, meta-
bolic imaging is useful for detecting mediastinum 
lymph node involvement (such as para-aortic 
region and aorticopulmonary window lymph 
nodes), which are not reachable by VATS and 
could be underestimated by non-invasive staging 
with CT (Fig. 11.3) [17].

In a study by Erasmus et al., PET/CT guar-
antees a sensitivity of 38% and a specificity 
of 78% in lymph node staging of sub carinal, 

ipsilateral internal mammary and mediastinal 
region (N2 disease). Every time contralateral 
internal mammary or hilar lymph nodes and 
ipsilateral supraclavicular or scalene lymph 
nodes (N3 disease) are swelled according to 
CT criteria, but do not uptake FDG, they need 
to be sampled in patients considered to surgery 
[14]. Although these evidences require a patho-
logical confirmation in most patients, PET/CT 
could be useful to identify even a small number 
of patients in whom radical treatment may be 
inappropriate [12].

Furthermore, in their study Flores et al. found 
a correlation between high SUVmax values and 
mediastinal lymph nodes involvement. This rela-
tionship is not so clear, and it could be simply 
related to the predisposition of more metabolically 
active tumour to spread to mediastinal nodes [12].

At the end, PET/CT imaging is excellent in 
detecting distant occult metastases (SNC, lungs 
and bones), even when it is not possible with 
other morphological imaging modalities, such as 
CT or MRI (Figs. 11.4 and 11.5) [16].

Fig. 11.3 PET/CT is helpful in distinguish between N2 and N3 disease, detecting lymph node involvement in contra-
lateral internal mammary, contralateral hilar region, ipsilateral supraclavicular or scalene region
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Fig. 11.4 PET/CT is useful in detecting distant occult metastases. In this patient we observe an occult metastasis 
located on the left iliac wing

Fig. 11.5 PET/CT is useful in detecting distant occult metastases. In this patient we observe an occult metastasis 
located on the acromion of the left scapula
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11.5  Prognosis

Patients risk stratification is essential for treat-
ment management: 18F-FDG PET-CT may be 
able to differentiate patients with different prog-
nosis, avoiding aggressive treatments in cases 
with a bad prognosis.

A study by Lee et al. founds that the SUVmax 
value of the primary lesions was higher in patients 
with metastatic disease compared to patients 
without metastases. Therefore, SUVmax values 
could explain the aggressiveness of the disease. 
Instead, between the different histologic sub-
types of the tumour, they didn’t find any correla-
tion with SUVmax. As a result, SUVmax values 
have a reliable correlation with surgical staging 
but not with histological grade [18].

Furthermore, several studies demonstrated 
that MTV (metabolic tumour volume) and TLG 
(total lesion glycolysis on pre-treatment imaging, 
could be useful prognostic biomarkers and good 
predictors for tumour progression.

In particular, TLG could predict overall sur-
vival better than SUVmax and MTV.  Indeed, 
SUVmax value is a single pixel value and could 
be incomplete in the characterization of MPM, 
which is a complex and heterogeneous tumour.

Instead, MTV and TLG are three-dimensional 
parameters that integrate total tumour volume 
and metabolic activity, allowing the description 
of the complexity of the entire lesion.

The method used for the calculation of 
volume- based parameters has yet to be recog-
nized. Unfortunately, a univocal limit value or 
method can’t be defined in order to be univer-
sally applicable. Consequently, clear guidelines 
for the determination of these parameters should 
be established [19, 20].

11.6  Metabolic Response 
to Chemotherapy

The diagnosis of MPM is frequently delayed 
and the majority of patients are not suitable for 
radical surgery and systemic chemotherapy is 
the standard management. In these cases, an 
adequate assessment of tumour response to ther-

apy is required for early identification of non- 
responders patients.

For this purpose, modified RECIST crite-
ria, based on CT measurements, are recently 
introduced and are considered the reference for 
MPM [21]. The mRECIST criteria have several 
pitfalls and are not effective in more than 25% of 
the cases [22]. They have a high grade of inter- 
observer variability. They were not designed on 
malignant pleural mesothelioma growth pattern 
and they don’t consider the metabolic activity of 
the remaining malignant tissue [23].

FDG PET/CT is gradually becoming essential 
in assessment of tumour response in patients under-
going chemotherapy, and has been included in the 
European Organisation for Research and Treatment 
of Cancer (EORTC) recommendations. Metabolic 
imaging analysis permits the early identification of 
non-responders to chemotherapy, avoiding unsuc-
cessful treatment, which are characterized by a 
large number of toxicities and a high mortality 
risk. Several studies suggest that an early reduction 
of FDG uptake after chemotherapy should pre-
dict metabolic response, which can be associated 
with patient outcome, in particular in patients not 
treated with talc pleurodesis (Fig. 11.6). Moreover, 
18F-FDG PET is an exhaustive imaging method 
for differentiating residual malignant tissue from 
therapy- induced fibrosis [22, 24].

A study by Zucali et al. recognizes SUV and 
TLG after two cycles of chemotherapy as mark-
ers for correlation with progression-free sur-
vival (PFS), suggesting their predictive role in 
response assessment in patients treated with first-
line chemotherapy.

Reductions of ≥25% in SUV and ≥30% in 
TLG (∆SUV ≥ 25% and ∆TLG ≥ 30%) might 
have a role in defining metabolic response [22]. 
The additional value of the assessment of meta-
bolic response is essential, due to its ability to 
predict outcome in patients who appear with 
stable disease (SD) or partial response (PR) on 
CT scan [25].

When talc pleurodesis is performed, inflam-
matory tissue takes-up FDG and could mask 
the malignant residual tissue uptake, particu-
larly in lesions with low baseline FDG-avidity. 
In these patients, neither ∆SUV nor ∆TLG 
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showed a significant correlation with PFS or 
overall survival (OS).

In conclusion, in this study they confirm 
the importance of ∆SUV in clinical practice, 
whereas in clinical trials a combination of ∆SUV 
and ∆TLG could increase the association with 
PFS and could be more accurate in the assess-
ment of both the parameters [26].

Kanemura et al. proposed a sequential algorithm 
for chemotherapy response assessment in patients 
affected by MPM. They suggest using mRECIST 
criteria in the first line for recognizing responders 
and stable disease patients and discriminating which 
patients need an additional metabolic response eval-
uation using PET/CT. This approach could optimize 
clinical efficacy and cost saving [22].

11.7  Conclusions

The complex growth pattern and the poor prog-
nosis of MPM require an early diagnosis and 
accurate clinical staging. A comparative assess-

ment of all the imaging modalities, such as CT, 
MR and PET/CT, is essential for patients risk 
stratification and for selecting patients who may 
benefit from multimodality treatment. 18F-FDG 
PET-CT is gradually becoming essential in the 
diagnosis, non-invasive staging, therapy plan-
ning and follow-up of metabolic response to 
treatment.
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Staging of Malignant Pleural 
Mesothelioma

Lawrence Okiror and Andrea Bille

12.1  Introduction

Malignant pleural mesothelioma (MPM) is a rare 
primary malignancy of the pleura. There is no 
known cure and prognosis is poor. Median over-
all survival is less than 12 months and the major-
ity of patients are offered palliative chemotherapy 
and pleurodesis to manage the commonly associ-
ated pleural effusions. The disease is associated 
with exposure to asbestos with a latency period 
of two to four decades.

There have been considerable advances in 
understanding the aetiological mechanisms 
underpinning MPM, developing novel biomark-
ers for detecting the disease and conducting inno-
vative clinical trials in recent years. However, 
these have so far not translated into significant 
improvement in survival reflecting the heteroge-
neous nature of the disease with varying clinical 
courses.

Unlike many solid cancers, in which tumour 
stage is the most important prognostic factor, the 
assessment of the extent of tumour in MPM pres-

ents unique difficulties in accurate staging due 
to the anatomical nature of the tumour. Tumour 
growth of MPM in the pleural cavity proceeds as 
a rind of uneven thickness making measurement 
difficult. Tools to assess and quantify this tumour 
bulk are not readily available. It is important to 
assess tumour bulk as this has been shown to 
have prognostic importance [1–3].

The pattern of lymphatic drainage of the 
pleura is complex and is significantly differ-
ent from drainage pathways of the lung [4, 5]. 
Accurate lymph node staging in MPM is cru-
cial as the presence of lymph node metastases 
adversely affects outcome [6, 7].

The initial evaluation of suspected MPM 
often involves clinical findings of a pleural effu-
sion. Thoracentesis and cytological analysis 
may sometimes yield the diagnosis of MPM but 
a pleural biopsy is required in the majority of 
cases for accurate diagnosis and histologic sub-
typing. Pleural biopsy by thoracoscopy is the 
guideline- recommended method of diagnosis 
[8]. Thoracoscopy allows an excellent inspec-
tion of the pleural space and aids in staging, par-
ticularly in patients being considered for surgical 
resection as part of multimodality treatment as 
well as enabling multiple biopsies for histologic 
examination.

Historically, early MPM staging systems were 
developed from, single-institutional datasets with 
limited external validation and mainly derived 
from retrospective surgical series [9–11].
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Butchart published the first classification 
for mesothelioma. The system was simple but 
failed to provide any prognostic information as 
any tumour higher than stage I was considered 
unresectable. The Butchart mesothelioma staging 
system had four stages:

• Stage I: tumour confined to the parietal pleura
• Stage II: invasion of the chest wall, oesopha-

gus, heart and contralateral pleura with or 
without thoracic lymph node involvement

• Stage III invasion of the diaphragm or extra-
thoracic lymph nodes

• Stage IV: distant metastases

This system is no longer used, but helped to 
develop the staging systems currently used.

More recently, the widely adopted TNM 
staging system proposed by the International 
Mesothelioma Interest Group (IMIG) after a 
meeting in 1994 at which data were presented 

from large retrospective series and clinical tri-
als was incorporated into the sixth edition of 
the Union for International Cancer Control 
(UICC) and the American Joint Committee on 
Cancer (AJCC) staging manuals [12]. The cur-
rent TNM staging system was established by the 
International Association for the Study of Lung 
Cancer (IASLC) and IMIG derived from an 
international database that was geographically 
representative and included patients with MPM 
irrespective of treatment, pathological subtype 
and stage (Table 12.1). This staging system has 
been adopted by the UICC and AJCC for their 
eighth edition staging manuals.

The eighth edition TNM staging system 
for MPM is based on cross-sectional imaging, 
surgical and pathological variables. Contrast-
enhanced computed tomography (CT) is the pri-
mary imaging modality for evaluation of MPM 
with approximation of tumour size and bulk 
taken from three single linear measurements 

Table 12.1 Eighth edition of the TNM classification for malignant pleural mesothelioma as proposed by IASLC/IMIG 
and adopted by UICC/AJCC

T1 Tumour which involves the ipsilateral parietal or visceral pleura only
T2 Tumour which involves the ipsilateral pleura (parietal or visceral pleura) with invasion of at least one 

of the following:
– Diaphragmatic muscle
– Lung parenchyma

T3 Tumour which involves the ipsilateral pleura (parietal or visceral pleura) with invasion of at least one 
of the following:
– Endothoracic fascia
– Mediastinal fat
– Chest wall, with or without associated rib destruction (solitary, resectable)
– Pericardium (non-transmural invasion)

T4 Tumour which involves the ipsilateral pleura (parietal or visceral pleura) with invasion of at least one 
of the following:
– Chest wall, with or without associated rib destruction (diffuse or multifocal, unresectable)
– Peritoneum (direct transdiaphragmatic extension)
– Contralateral pleura
– Mediastinal organs (oesophagus, trachea, heart, great vessels)
– Vertebrae, neuroforamen, spinal cord or brachial plexus
– Pericardium (transmural invasion with or without pericardial effusion)

NX Regional lymph nodes cannot be assessed
N0 No regional lymph-node metastases
N1 Metastases to ipsilateral intrathoracic lymph nodes (including ipsilateral bronchopulmonary, hilar, 

subcarinal, paratracheal, aortopulmonary, paraesophageal, peridiaphragmatic, pericardial, intercostals 
and internal mammary nodes)

N2 Metastases to contralateral intrathoracic lymph nodes, metastases to ipsilateral or contralateral 
supraclavicular lymph nodes

M0 No distant metastasis
M1 Distant metastases present
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using axial CT images [3]. Magnetic resonance 
imaging (MRI), though not routinely used for 
evaluation of MPM can be used to provide addi-
tional staging information in specific clinical 
settings such as assessing the extent of invasion 
of the chest wall, mediastinum and diaphragm 
[13]. Integrated fluorodeoxy- D-glucose (FDG) 
positron emission tomography with CT (FDG-
PET-CT) provides additional functional imaging 
which is useful for staging and is now extensively 
used for mesothelioma staging [14]. The addition 
of quantitative FDG-PET-CT parameters to clini-
cal variables may provide additional prognostic 
information particularly in patients with non-sar-
comatoid histology [2, 15, 16].

Additional invasive staging techniques such as 
mediastinoscopy, thoracoscopy and laparoscopy 
may be applied in selected cases of mesothe-
lioma, particularly in patients for whom radical 
treatment including surgery as part of multimo-
dality treatment is planned.

12.2  TNM Classification

There have been several systems proposed and 
used for staging MPM over the years. These 
were mainly based on data from small retrospec-
tive, single-institution surgical series. In 1994 
the IASLC and IMIG proposed a TNM-based 
staging system developed from multiple surgi-
cal databases and this was adopted by the UICC 
and AJCC for their sixth edition manuals [12]. 
This was subsequently updated in 2009 (seventh 
edition). Criticism of this staging system has 
centred on its limited derivation cohort as well 
as concerns regarding the validity of lymph node 
descriptors [17]. The current eighth edition stag-
ing system was published in 2016 by the IASLC 
and IMIG and derived from an international data-
base of over 3500 cases [3, 4, 18]. The complete 
dataset merged cases of clinical and postsurgical 
pathological stages to obtain the best TNM clas-
sification. Analysis of known prognostic vari-
ables was performed and included parameters 
such as tumour stage, histological subtype, sex, 
age and type of surgery (curative vs. palliative) 
which all had a statistically significant impact on 

overall survival. There was no statistically signif-
icant discrimination of overall survival between 
patients with ipsilateral parietal pleural involve-
ment (T1a) versus those with ipsilateral visceral 
pleural involvement (T1b) on either clinical 
or pathological staging. Based on this the new 
eighth edition staging system merged this into a 
single T1 category (Table 12.1).

In the eighth edition, T1 was assigned when 
involvement of the parietal pleura with or without 
involvement of the visceral pleura is detected. T2 
category was mainly assigned when lung paren-
chyma or fissure were involved. T3 is assigned 
for pericardial invasion followed by chest wall 
invasion. Description of T3 due to mediastinal 
fat invasion without pericardial invasion was less 
common. T4 is assigned for diffuse chest wall 
involvement, on diaphragmatic involvement or 
transmural pericardial involvement (Table 12.1).

The upstaging from clinical T1, T2 and T3 
to higher pathological T stage was 56%, 54% 
and 39%, respectively, and the downstaging was 
reported in only 4% of cases.

The lymph nodal categories in the previ-
ous mesothelioma staging system were adopted 
from the lung cancer lymph nodal map with 
very little mesothelioma-specific evidence. This 
is problematic because of the varied lymphatic 
drainage pathways of the pleura and lung paren-
chyma. Subsequent to this some retrospective 
series have failed to demonstrate a prognostic 
difference between patients with pathologic N1 
and those with pN2 disease [5]. For the eighth 
edition staging, clinically and pathologically 
staged patients were grouped together. There 
was a significant survival difference between 
patients with N0 vs. those with combined N1 and 
N2 metastases but not between N1 and N2. As 
there was no significant survival difference for 
patients with N1 vs. those with N2 metastases, 
these were grouped together into one single new 
N1 category. Patients with contralateral lymph 
node metastases (N3) are now classified as N2. 
Exploratory analysis of further parameters, such 
as pleural thickness, presence of N2 skip metas-
tases, number of involved nodes, node ratio and 
distribution (upper vs. lower mediastinal vs. 
non-mediastinal), and site and number of distant 
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metastases was performed, but the number of 
patients included in each group was too small to 
derive any definitive conclusions.

Changes to the stage groupings reflect dif-
ferences in overall survival hence stage IV only 
contains patients with metastatic disease (M1) 
with T4 and N3, M0 which were previously con-
sidered as stage IV now reverting to stage IIIB 
(Table 12.2) [18].

12.3  Radiological Imaging

The radiographic features of MPM are variable 
and related to the stage of the malignancy at 
diagnosis. Pleural effusions, pleural thickening, 
ipsilateral contracted chest with volume loss, 
lymphadenopathy, local invasion or metasta-
ses are the commonest radiological findings of 
MPM. Ipsilateral or contralateral pleural plaques 
may be seen as evidence of previous exposure to 
asbestos.

Chest radiography is usually the first imaging 
modality performed and the commonest feature 
of MPM on chest radiography is a unilateral 
pleural effusion in up to 80% of cases (Fig. 12.1) 
[19, 20]. Pleural thickening with ipsilateral vol-
ume loss can be seen on chest radiography. 
Lobulated masses with progression to a confluent 
rind and subsequent encasement of the lung may 
have the appearance of a large pleural effusion on 
the radiograph.

Contrast-enhanced chest CT with the upper 
abdomen is the imaging modality of choice for 
evaluation of the primary tumour and initial 
staging as recommended by current guidelines 

(Fig.  12.2) [21]. It defines the primary tumour, 
local invasion, intrathoracic lymphadenopathy 
and extrathoracic spread. A unilateral pleural 
effusion will be seen in three quarters of cases 
(Fig.  12.2a) [17]. Calcified pleural plaques 
which relate to previous exposure to asbestos 
are observed in approximately 20% of cases and 
should not be mistaken for osteocartilagenous 
differentiation (Fig.  12.2b) [17]. Diffuse pleu-
ral thickening particularly of the mediastinal 
pleura or diffuse pleural thickening of more than 
1  cm particularly in the setting of prior expo-
sure to asbestos is nearly diagnostic of MPM 
(Fig. 12.2c) [20]. Extension into the mediastinal 
fat will manifest in loss of tissue planes in the 
mediastinal structures. Encasement of >50% of 
the circumference trachea or oesophagus usu-
ally indicates invasion of these structures [22]. 
Pericardial involvement will manifest in thicken-
ing, nodules, pericardial masses, pericardial effu-
sion or invasion. Invasion of the chest wall may 
be partial or transmural. There will be a loss of 
extrapleural fat planes, invasion of the intercos-
tal muscles and cortical reaction or destruction of 
the ribs (Fig. 12.2d). Transmural invasion of the 
chest wall manifests as extension into the chest 
wall muscles with distortion of these planes. 
Transdiaphragmatic extension of MPM may not 
be well characterised by CT and MRI provides 

Table 12.2 Stage groupings of the eighth edition TNM 
classification for malignant pleural mesothelioma as pro-
posed by IASLC/IMIG and adopted by UICC/AJCC

Stage T N M
IA T1 N0 M0
IB T2, T3 N0 M0
II T1, T2 N1 M0
IIIA T3 N1 M0
IIIB T1–T3 N2 M0

T4 N0–N2 M0
IV Any T4 Any N M1

Fig. 12.1 Chest X ray shows left sided malignant pleural 
effusion
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additional information in this regard. Loss of the 
tissue planes on the inferior surface of the dia-
phragm with indentation of the liver or spleen is 
suggestive of invasion of the diaphragm.

Contrast-enhanced CT is the primary modality 
for detecting intrathoracic lymph nodal involve-
ment with MPM.  In addition to mediastinal 
lymph nodes, internal mammary, retrocrural and 
extrathoracic lymph nodes that are greater than 
10 mm in diameter on short axis are considered 
abnormal.

Thoracic MRI is sensitive in defining chest 
wall, mediastinal and diaphragmatic invasion. 
This additional information is particularly impor-
tant for patient being considered for surgical 
resection. A more detailed discussion on the role 
of MRI can be found in Chap. 9.

Functional imaging with FDG-PET-CT has 
been included in the preoperative staging, and 
some semiquantitative PET parameters have been 
incorporated, like the Standardized Uptake Value 
(SUV), as prognostic factors (Fig. 12.3a, b) [2, 14]. 
The superiority of PET in diagnosing malignant 
pleural disease is significant compared to the CT 
scan alone [13]. Gerbaudo et al. reported an overall 
accuracy of 94% (sensitivity 97%, specificity 80%) 
[23]. FDG-PET-CT is less accurate in detecting 
mediastinal lymph node involvement [24, 25] and 
diaphragmatic involvement (Fig. 12.3c, d).

FDG-PET-CT should be always performed 
before considering radical treatment options in 
patients with mesothelioma. Ideally it should be 
performed before the talc pleurodesis to reduce 
the risk of false positive finding.

a b

c d

Fig. 12.2 (a) CT shows left sided pleural effusion. (b) 
CT shows minimal pleural thickening and pleural plaques 
(arrow). (c) CT shows extensive involvement of parietal 

and visceral pleura. (d) CT shows direct invasion in the 
chest wall, T4 tumour
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12.4  Video-Assisted 
Thoracoscopy

The video-assisted thoracoscopy provides a 
diagnosis differentiating the different subtypes 
of mesothelioma, but also it allows a detailed 
and direct assessment of the involvement of the 
pleural surfaces and the volume of disease. As 
 originally reported by Boutin et al. [26] thoraco-
scopic features may also have a prognostic impact: 
extensions of disease (localized vs. diffuse) and 
involvement of the visceral pleura. Video-assisted 
thoracoscopy is recommended to assess the exten-
sion of disease and should be performed before 
considering a multimodality radical approach.

12.5  Endobronchial Biopsy 
and Video-Mediastinoscopy

Patients with pathological N1 or N2 disease 
have a worse prognosis compared to pN0 [4]. 
EBUS (endo bronchial ultrasound biopsy) and 
video mediastinoscopy are the most accurate 
staging procedures to detect mediastinal lymph 
node involvement. In 30% of cases mediastinal 
involvement can be not assessed correctly by CT 
or PET alone [27]. In patients with lymph node 
with a diameter more than 10 mm or positive on 
PET EBUS or video mediastinoscopy are recom-
mended as preoperative staging in a multimodal-
ity treatment setting.

a b

c d

Fig. 12.3 (a) PET shows a cT1 tumour extension. (b) 
PET shows a tumour involving the parietal pleura and the 
endo thoracic fascia. (c) Tumour invading the diaphragm 

into the peritoneum, cT4. (d) PET shows positive para tra-
cheal lymph node, cN1 according to eighth TNM staging
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12.6  Laparoscopy

The role of laparoscopy in staging MPM is lim-
ited to selective cases in whom transdiaphrag-
matic involvement or peritoneal spread needs to 
be ruled out. This is usually in cases being con-
sidered for radical resection as part of multimo-
dality treatment. Despite combining CT, PET and 
MRI, transdiaphragmatic or peritoneal involve-
ment can be not diagnosed in up to 10% of cases 
(Fig. 12.3c) [28, 29].

Laparoscopy is recommended in only selected 
cases when therapeutic management may change 
depending on laparoscopic findings.

12.7  Conclusion

Clinical staging and accurate prognosis of MPM 
remain difficult. The latest staging scheme derives 
patients from a larger database drawn from a wider 
international pool of patients which enables a more 
uniform approach to benchmarking and compari-
son of outcomes. Histological subtype remains an 
important prognostic factor. There are limitations 
to the accuracy of imaging and with limited effec-
tive therapeutic options, outcomes from MPM 
are likely to remain poor. Identification of novel 
biomarkers and incorporation of these into staging 
algorithms remain a distant prospect.
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13.1  Introduction

Malignant pleural mesothelioma (MPM) is an 
aggressive asbestos-related tumor arising from the 
pleural mesothelium. The incidence of this cancer 
in Europe is about 20 per million but a peak inci-
dence around 2020 is expected because it is known 
that there is a 20–30 years’ latency between asbes-
tos exposure and disease development [1]. The 
reported median overall survival (OS) from diag-
nosis is 9–12 months, ranging from 8 months in 
stage IV to 40 months in stage I disease [2]. At early 
stages (I and II stage according to International 
Mesothelioma Interest Group—IMIG), when the 
disease is confined to the ipsilateral hemithorax, a 
multidisciplinary therapeutic approach with cura-
tive intent seems indicated with the aim to improve 
survival and quality of life. In advanced stages, 
where metastases in contralateral hemithorax or in 
distant sites are common, palliative or supportive 
care treatments are the first choice. Therapeutic 
approaches for MPM are still under debate, with-
out a homogeneous consensus on this topic and the 
modern approach seems oriented to evaluate every 
single case in a multidisciplinary team to set the 
best therapy according to patients’ performance 
status and stage of the disease.

The role of surgery is important in diagno-
sis, treatment, and staging of MPM.  Because 
of the diffuse growth pattern and the lack of 
surgical margins, microscopic complete resec-
tion is theoretically impossible. Thus, a mac-
roscopic complete resection (MCR) should be 
the overall aim of the resection, even though the 
optimal cytoreductive procedure is still contro-
versial [3, 4].

The standard strategies for multimodality 
therapies are not well established, yet and the role 
of surgery in treatment of MPM is still unclear; 
many surgeons think that the goal of every surgi-
cal procedure is to leave the patient in state of 
no evidence of disease to improve long term out-
comes [5].

There are two main surgical options to obtain 
MCR: pleurectomy/decortication (P/D) and 
extrapleural pneumonectomy (EPP); the supe-
riority of one technique over the other is still 
debated and the decision to perform one or the 
other in multimodality approaches is based on 
surgeons’ preference more than on robust scien-
tific data [6].

Both surgical procedures are burdened by 
high morbidity, so they should be performed only 
in centers with a large experience in thoracic sur-
gery [7].

Surgery often allows to obtain only cytore-
duction so it must be inserted into a multimodal 
treatment associated with induction chemother-
apy (iCT) or adjuvant chemotherapy (aCT) with 
or without adjuvant radiotherapy (aRT) in order 
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to achieve better outcomes in term of survival 
and control of disease.

The best combination of these different thera-
peutic approaches is still matter of debate.

13.2  Surgery for MPM

13.2.1  Surgical Indications

Stage I–II MPM in patients with epithelial histo-
type and good performance status represents the 
best indication for surgery.

Sarcomatoid subtype being associated with 
a poor prognosis and with advanced stages of 
disease is a contraindication for surgery [8]. N2 
disease is not an absolute contraindication in 
MPM as it should be considered more as “local” 
nodes not significantly influencing the progno-
sis as recently demonstrated by the results of 
the International Mesothelioma Interest Group 
(IMIG) and the International Association for the 
Study of Lung Cancer (IASLC) [8].

Before surgery, it is recommended to have a 
diagnosis not only based on cytology, because of 
high risk of diagnostic error, but also on tissue 
confirmation by pleural biopsy to allow immu-
nohistochemical characterization to establish a 
certain diagnosis [9].

13.2.2  Surgical Procedures 
with Curative Intent

To obtain MCR the two main surgical options 
with curative intent are extrapleural pneumonec-
tomy (EPP) and pleurectomy/decortication (P/D), 
both of them can be incorporated in multimodal-
ity regimens which include neoadjuvant or adju-
vant chemotherapy and adjuvant radiotherapy.

The technique of EPP is well standardized, 
providing the en bloc resection of the parietal 
and visceral pleura, ipsilateral lung, pericardium, 
and hemidiaphragm [10]; it has been considered 
for many years the best procedure to obtain MCR 
and survival advantage [3].

P/D is a more limited procedure, first reported 
in 1975 [11] and not yet standardized in all cen-

ters; its definition has varied according to the 
surgical technique, therapeutic intent, and clini-
cal indications [12]. Initially it was proposed as 
a cytoreductive alternative in patients who cannot 
tolerate EPP because it requires less cardiorespi-
ratory reserve than EPP.  In 2011, the consensus 
report by the International Mesothelioma Interest 
Group (IMIG) and the International Association 
for the Study of Lung Cancer (IASLC) recom-
mended that surgical procedures for MPM should 
be classified into three categories: (1) extended PD 
(E/PD), (2) P/D, and (3) partial pleurectomy [13].

13.2.3  EPP

EPP involves en bloc resection of the visceral and 
parietal pleura, lung and, if necessary, ipsilateral 
hemidiaphragm, and pericardium (Figs. 13.1a, b 
and 13.2a, b). Removing the lung, it leads to a 
better local control of disease progression allow-
ing the administration of a higher dose of radio-
therapy without the risk of radiation pneumonitis.

This surgical technique was first reported in 
1976 [14] and, since then, it has been performed as 
a treatment option for potentially resectable MPM.

Sugarbaker et al., in 1999, reported a 5-year 
survival rate of 46% and low mortality rate in 
patients who underwent EPP incorporated in 
multimodality regimens affected by epithelioid 
subtype and N0 disease [7].

After this report, there have been different 
subsequent series that have demonstrated a simi-
lar trend in median survival of 20–24 months [15, 
16]. In a survey of opinions among 802 thoracic 
surgeons, EPP was believed to be more effective 
than P/D and the addition of adjuvant chemo-
therapy or other combinations of multimodality 
therapy were believed to increase the chance of 
cure. These beliefs were not markedly different 
between those who performed or did not perform 
each type of surgery [17].

In front of these survival advantages, EPP is 
burdened by several disadvantages: this surgi-
cal approach is highly debilitating for the patient 
with morbidity of almost 50% and mortality of 
5% in centers with a large experience in the sur-
gical management of MPM [16].
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In particular, it is associated with a reduc-
tion in quality of life, a worsening of postopera-
tive cardiorespiratory function, and difficulties 
in administration, tolerance, and compliance of 
adjuvant therapy.

The role of EPP in the treatment of MPM 
has been recently the subject of debate after the 
 publication of the mesothelioma and radical sur-

gery (MARS I). This is the largest randomized 
trial that compares EPP with no surgery in terms 
of survival and quality of life and concluded that 
“EPP within trimodal therapy offers no benefit 
and possibly harms patients” although the trial 
included only 16 patients in the EPP arm [18].

This trial, however, faced several problems in 
the enrolment of patients with few cases treated 

a b

Fig. 13.1 (a, b) En bloc resection of lung, parietal, and visceral pleural after a right extrapleural pneumonectomy 
(EPP)

a b

Fig. 13.2 (a, b) Resection and reconstruction with prosthesis of hemilateral pericardium and diaphragm after a right 
EPP
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by few centers with a not acceptable high mortal-
ity rate in the EPP arm that finally conditioned 
the survival results.

13.2.4  P/D

P/D involves the total resection of both the pari-
etal and visceral pleura, while the lung is spared 
(Fig. 13.3a, b). According to IMIG classification 
this surgical procedure includes:

 – Extended P/D: parietal and visceral pleurec-
tomy with the removal of the pericardium and/
or diaphragm even though currently there is 
no evidence that their resection can provide a 
survival benefit.

 – P/D: parietal and visceral pleurectomy with-
out the resection of diaphragm or 
pericardium.

 – Partial pleurectomy: the partial removal of the 
parietal and/or visceral pleura for diagnostic 
or palliative intent.

The first report of pleurectomy in the treat-
ment of MPM was in 1975 by Martin et al., who 
described the outcome of parietal pleurectomy 
followed by external radiation and systemic che-
motherapy in 14 patients with a median survival 
of 16 months [11]. This series was then extended 
the year later including 33 patients with MPM 
with a median survival of 21 months [19]. Since 

then, several nonrandomized studies have dem-
onstrated the feasibility and safety of P/D with 
various multimodality schemes involving induc-
tion and adjuvant treatments [12, 20, 21].

P/D has some advantages compared to EPP: 
it preserves the ipsilateral lung parenchyma so 
it can be indicated in patient with a marginal 
cardiopulmonary reserve, making more feasible 
additional chemotherapy.

On the other hand, a potential disadvantage of 
P/D is the less cytoreductive capacity compared 
with EPP; in particular, the effectiveness and radi-
cality of P/D in patients with advanced MPM is one 
of the main controversial points. Friedberg et  al. 
[22] reported a MCR rate of 97% and a median sur-
vival of 21 months in their series of radical pleurec-
tomy with intraoperative photodynamic therapy for 
advanced MPM. On the basis of that results, they 
theorized that MCR could be achieved with radi-
cal pleurectomy in all patients with MPM in whom 
MCR could be achieved with EPP.

In an editorial, Raja Flores [23] has pointed out 
the attention to a recent general shift in surgery 
for MPM from EPP to P/D after a comparative 
multicenter study by experienced mesothelioma 
surgeons failed to demonstrate significant sur-
vival differences between the two procedures 
[24]. He commented that the primary goal of 
surgery should not just be to obtain a MCR (R1) 
at the expense of pneumonectomy, but it should 
include the removal of as much tumor as possible 
while avoiding pneumonectomy, favoring lung 

a b

Fig. 13.3 (a) Pleurectomy-decortication (P/D, surgical technique). (b) Pathological specimen (visceral and parietal 
pleura) after P/D
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reexpansion, prevention of fluid accumulation, 
and minimizing morbidity and mortality. On the 
basis of the currently available data the equation 
tips in favor of P/D rather than EPP.

13.2.5  EPP or P/D: Which One 
to Choose?

Many authors over the years have tried to give an 
answer to this question but the debate is still open.

It is a fact that the type of surgery depends on 
clinical factors and on individual surgical judg-
ment and expertise [17]. The challenge is the 
selection of the right patient for the procedure 
included in a multidisciplinary setting, in order to 
guarantee the best benefits. Patients with histolog-
ically proven mesothelioma who would tolerate 
different treatment modalities including surgery 
should be considered for multimodal approach.

Regarding the outcomes in patients who under-
went surgical procedures for MPM, the IASLC 
found that in patients with stage I disease, median 
survival time (MST) was significantly better 
in the EPP group than in the P/D group (40 vs. 
23 months). No significant differences in survival 
were identified in the higher-stages patients [8].

On the other hand, some studies found that 
MST ranged from 13 to 29 months for P/D and 
from 12 to 22 months for EPP, with a trend that 
favored the P/D group with a lower mortality and 
morbidity rate [12].

Furthermore, there are increasing data in 
favor of P/D in terms of postoperative survival 
and quality of life and for all these reasons many 
centers are shifting their surgical approach for 
resectable MPM from EPP to P/D [25–27].

Some surgeons favor P/D as curative pro-
cedure in patients with minimal disease [28], 
others as palliative procedure in case of medias-
tinal structures (e.g., aorta and vertebral bodies) 
involvement found at thoracotomy [29].

The right surgical strategy must have the 
intention to achieve MCR selecting the less inva-
sive surgical procedure so it should be initiated 
with the intention of performing P/D with the 
exception of some cases with extensive invasion 
of the pulmonary parenchyma.

Nevertheless, to date there are no random-
ized controlled trials comparing EPP with P/D, 
so it is still unclear which technique is better in 
terms of outcome or long-term survival; the type 
of surgery depends on clinical factors and on the 
expertise of individual surgeons.

13.3  Surgery and Multimodality 
Treatment in MPM

The past decade has seen several notable 
advances: effective chemotherapy regimens have 
been developed, various surgical approaches have 
been explored and refined, and various studies 
with multimodality therapy have been reported. 
Survival is clearly more promising with multimo-
dality treatment, but the combination and timing 
of surgery, radiation, and chemotherapy have to 
be still established.

Some studies have shown that single-modality 
therapy [surgery or chemotherapy (CT) or radio-
therapy (RT) or immunotherapy alone] did not 
result in advantages in term of disease free sur-
vival (DFS) or overall survival (OS) [30].

The most reasonable therapeutic approach 
for MPM, in the small percentage of eligible 
patients, is a combined treatment modality (sur-
gery, CT, and RT) [6, 8].

The therapeutic possibilities and the specific 
approaches have changed enormously over time, 
leading the clinicians to explore new strategies 
and combinations of treatments.

Until the early 1920s, the cisplatin was iden-
tified as the best anticancer drug and it was 
routinely used in all CT regimens mainly in asso-
ciation with gemcitabine or doxorubicine.

This was based on the results of a meta-
analysis published in 2002 [31] in which were 
reviewed some studies published between 1965 
and 2001. This scenario has completely changed 
when, in 2003, a phase III study demonstrated 
that the combination of folate antagonists with 
cisplatin versus cisplatin alone in MPM led to a 
significantly prolonged median OS [32]. Since 
then, the combination of cisplatin plus peme-
trexed has become the standard chemotherapeu-
tic option also when a multidisciplinary approach 
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is provided, both as induction or adjuvant treat-
ment setting after surgery. Recently, new ongoing 
trials with biological agents are giving interesting 
results, with the hope to have an application in 
multimodality regimens in the next future [33].

As already said, surgery often allows to obtain 
only cytoreduction; for this reason, it must be 
inserted in a multimodality protocol composed 
by induction chemotherapy (iCT) or adjuvant 
chemotherapy (aCT) with/without adjuvant RT.

13.3.1  Induction Chemotherapy 
in a Trimodality Protocol

Chemotherapeutic regimens for MPM had some 
changes over the years. Berghmans et al. [31] has 
confirmed the efficacy of the cisplatin; the addi-
tion of the anthracyclines increases the response in 
the face of greater toxicity. The role of CT for this 
disease has completely changed with the introduc-
tion of new antimetabolites (raltitrexed and peme-
trexed) that interact with the folate metabolism and 
lead to a real increase in survival, in particular in 
association with cisplatin. All these findings have 
led to establish that the new therapeutic standard 
in medical treatment of MPM is the association of 
pemetrexed and cisplatin [34].

iCT has some important advantages in MPM 
therapy: (a) it can be administered with full dos-
age because patients are not still “debilitated” by 
surgery, with a high compliance and completion 
of cycles rate; (b) it can lead to a downstaging 
of the disease, allowing to obtain a satisfactory 
MCR; (c) it allows for a better surgical selection 
based on the response to CT: a poor response to 
iCT may avoid an unnecessary surgical treatment; 
(d) a high dose of adjuvant RT, particularly after 
EPP may be delivered, avoiding the cumulative 
toxicity; (e) even though some chemotherapeutic 
agents may have cardiac or pulmonary toxicity, it 
has been reported an improvement in pulmonary 
function and exercise capacity after iCT [35].

On the other hand, iCT may be burdened with 
an increase in surgical morbidity and mortality, 
even if the majority of large studies have demon-
strated similar mortality rates not influenced by 
preoperative treatments [16, 36–41].

Another potential disadvantage is the delay of 
surgical treatment that could negatively influence 
the resectability of the tumor (time from the end 
of CT and surgery should be 3–4 weeks).

MPM poor response rate to iCT in comparison 
to other tumors is documented by several stud-
ies, although occasionally a complete pathologic 
response has been reported [42].

The trimodality approach (iCT, plus surgery, 
plus aRT) has shown good results both in term of 
overall survival and disease free survival (DFS), 
superior to the results obtained in those studies in 
which bimodality approach was adopted.

The results of 20 studies, published between 
2004 and 2015 considering the use of trimodality 
therapy are resumed and reported in Table 13.1.

In the most important studies OS, after tri-
modality treatment ranged from 8.8 months (for 
patients with nonepithelial histology who under-
went EPP) [38] to 33.5 months [49]. Four pro-
spective studies, in which the majority of patients 
were able to complete trimodality therapy on 
an intention to treat analysis, reported a median 
 survival of 16.8–25.5  months [37, 45, 47, 51]. 
DFS ranged from 7.6 [18] to 44 months [44].

To conclude, the use of trimodality approach 
seems effective in prolonging survival; however, 
the completion of the full protocol is not easy 
and in those studies where intention to treat data 
have been reported, <50% of patients were able 
to complete the program [51].

13.3.2  Adjuvant Radiotherapy 
in a Bimodality Protocol

Adjuvant radiotherapy is administered mainly 
after EPP and less frequently after P/D.  The 
most common technique reported was photons 
and electrons external beam radiation therapy 
(EBRT) with different doses or regimens.

The role of adjuvant RT with curative intent 
still remains unclear, even though good outcomes 
and reduction of local recurrence have been 
reported [55].

EBRT plays an important role both as adju-
vant therapy or as first-line treatment in unre-
sectable cases; in this case its aim is palliative in 
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order to reduce pain. A total dose of 50–60 Gy 
(in 1.8–2 Gy daily fractions) is the most common 
scheme, with the possibility to increase the total 
dose up to 70 Gy in particular areas using boost 
treatments.

The three-dimensional conformational tech-
nique (EBRT) is the most used with good results 
when applied after EPP and less encouraging 
outcome when it is preceded by P/D [56], even 
though Lee et al. reported that P/D followed by 
radiation therapy is an adequate option for those 
who cannot tolerate EPP [57].

A relatively recent technique is intensity 
modulated radiation therapy (IMRT) which 
involves modifying the intensity of radiation in 
small volumes using three-dimensional treat-
ment planning protocols; unfortunately, it is 
associated with severe pulmonary toxicity after 
EPP, with 46% reported incidence of fatal pneu-
monitis associated with the dose of radiation 
delivered to the contralateral lung [58]. On the 
other hand, in a recent paper, patients received 
EBRT or IMRT after EPP based on the prefer-
ence of the treating radiotherapist. Those who 
underwent IMRT had significantly less local 
recurrence without increased complication 
compared to those who received EBRT (14% 
vs. 42%) [36]. A very recent phase II study 
reports good outcomes in terms of pulmonary 
complications in patients who received IMRT 
after P/D [59].

The main criticism on the use of RT in MPM 
are focused mainly on concerns about complica-
tions of this treatment: the challenge in adjuvant 
RT is the big volumes irradiated and the preserva-
tion of vital structures such as contralateral lung, 
heart, liver, stomach, and spinal cord.

Seven studies were published between 2001 
and 2012, reporting the results of bimodality 
treatments with adjuvant RT (Table 13.2).

The analysis of the current literature on sur-
gery plus adjuvant RT alone reports an OS rang-
ing between 13.5 [56] and 18.1 [57] months and 
a DFS of 12.2 months [57].

The reported outcome in these studies is rela-
tively worse, but conclusions cannot be drawn 
because almost all of the studies are retrospective 
and nonrandomized.

An ongoing single center trial (SMART, 
Surgery for Mesothelioma after Radiation 
Therapy) is employing novel protocol, which 
consists in a short hemithoracic high dose IMRT 
followed by EPP, with encouraging initial results: 
morbidity and mortality are acceptable with a 
3-year survival rate of 84% in epithelial subtype 
[64], but further investigation is necessary.

13.3.3  Adjuvant Chemotherapy Plus 
Adjuvant Radiotherapy 
in a Trimodality Protocol

In the current literature there are no randomized 
studies capable to guide the optimal timing of CT 
in a multimodality setting. Eighteen studies, pub-
lished between 2007 and 2015, were collected 
and analyzed, including a total of 1427 patients 
(Table 13.3).

The adoption of induction chemother-
apy makes more difficult a proper dissection 
plane to resect visceral pleura during P/D and 
residual disease can be left on site. Moreover, 
 cytoreductive surgery can increase residual 
tumor regrowth, in this way more vulnerable to 
adjuvant treatments [81].

On the other hands, potential disadvantages of 
the adoption of adjuvant treatments are: (a) some 
operable patients can escape from surgery for 
progression on waiting list; (b) it is impossible to 
verify disease response to CT, avoiding patients’ 
selection based on disease aggressiveness; and 
(c) complications of surgery may cause delay or 
refusal of adjuvant therapies.

The review of the current literature concern-
ing surgery plus adjuvant treatments reports an 
OS ranging from 11 months [78] to 56.4 months 
[26] (in a subgroup of patients with stage I epi-
thelioid MPM who underwent trimodality treat-
ment). The DFS ranged from 8  months [78] to 
27 months [68].

Pemetrexed-based CT is the most common 
regimen used, on the other hand there is a large 
variability in RT adjuvant regimens over the years 
and according to the institution’s policy. For these 
reasons it is not possible to compare the different 
multimodal regimens. In a recent study, Friedberg 
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et al. reported a unique experience using intraop-
erative photodinamic therapy (PDT) associated 
with P/D and adjuvant CT with good outcomes in 
epithelial subtype [70], but more clinical trials are 
necessary to support these findings.

13.3.4  Heated Intraoperative 
Chemotherapy (HIOC)

HIOC consists in the application of chemo-
therapeutic agents directly to the resected sur-
face immediately after surgery. The advantage 
is delivering high local dose of cytotoxic drug 
against microscopic disease, with decrease toxic-
ity compared to systemic CT.  The morbidity is 
linked to the expertise of the surgical and anes-
thetic team; the operations are long with high 
need of fluid administration, to prevent renal 
toxicity. In case of EPP, intraoperative caution is 
needed with respect to fluids infusion to prevent 
postpneumonectomy pulmonary edema.

There are conflicting results on this technique: 
some authors reported disappointing outcomes 
in patients who underwent surgery, HIOC, and 
RT compared to patients treated with EPP and 
RT [78], but others reported that a subgroup of 
patients (epithelial histology, low tumor volume, 
and female sex) can benefit from HIOC [68].

To date, HIOC cannot be introduced as stan-
dard treatment, because of lack of good results; 
nevertheless further studies are necessary to bet-
ter understand its role in MPM treatment.

13.4  Conclusions

The optimal treatment of MPM is still matter 
of debate. It is now established that trimodality 
approach including CT, surgery, and RT in differ-
ent combinations seems to lead to better outcome.

Each therapeutic approach has advantages and 
drawbacks that should be taken into consideration 
to optimize the best treatment for each patient, 
individualizing the most effective therapeutic 
strategy, limited side effects, and maximizing 
patients’ quality of life. Concerning the timing of 
each treatment modality, both adjuvant and neo-

adjuvant have pros and cons and no particular 
treatment has shown superiority over the others. In 
recent years there seems to be a trend among sur-
geons to perform P/D more frequently than EPP.

Thus, it is important that patients be treated in 
a tertiary care center, where a multidisciplinary 
team (surgeon, oncologist, radiotherapist) can 
provide the highest level of quality of care to 
improve survival rate.
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Role of Radiotherapy in Malignant 
Pleural Mesothelioma

Marta Scorsetti, Davide Franceschini,  
Fiorenza De Rose, and Vittorio Vavassori

14.1  Introduction

The role of radiotherapy (RT) in the man-
agement of malignant pleural mesothelioma 
(MPM) is controversial. There is a lack of evi-
dences in favor or against RT, because only 
few randomized trials have been conducted 
until now and just few of them have com-
pleted the expected accrual. Moreover, RT in 
MPM is challenging from a technical point of 
view. Apart from the palliative setting, in all 
other scenarios, the target volume is signifi-
cantly complex, large, and of irregular shape. 
The dose prescription is another major issue 
in MPM. On one side, mesothelioma cells are 
quite radioresistant, although preclinical data 

suggest remarkable differences in radiosen-
sitivity [1], therefore relevant RT doses are 
thought to be needed for disease eradication. 
On the other side, due to the position and the 
extension of the pleura, many different healthy 
tissues surround or extend into the target vol-
ume, necessarily limiting RT doses delivered 
to avoid unacceptable toxicities.

In this chapter, we will review the possible 
roles of RT in MPM, highlighting pros and cons 
in different clinical scenarios (palliation, preven-
tion of procedure tract metastases, adjuvant RT 
after surgery, radical RT, and trimodal approach). 
A particular attention will be paid to the techno-
logical development, highlighting how new RT 
techniques could improve the tolerance and effi-
cacy of RT in MPM.

14.2  RT for Prophylaxis 
of Procedure Tract 
Metastases

Due to its nature and presentation, MPM com-
monly requires pleural interventions, for liquid 
management or for tissue diagnosis. However, 
these invasive procedures are related with a rel-
evant risk of seeding of malignant cells along 
the procedural tract that can bring to the devel-
opment of the so called “procedure tract metas-
tases” (PTMs). These are subcutaneous nodules 
that also can develop many months after the 
procedure and can be responsible of important 
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pain, affecting patients’ quality of life. The inci-
dence of PTM is not clearly established, ranging 
from 3.6% to 24% of patients in different series, 
according to the different procedures carried out 
[2]. RT has been advocated for the prevention of 
the PTMs, with controversial and contradictory 
results. To answer the question about the real 
benefit of preventive RT for PTMs, five random-
ized trials have been conducted and published till 
now. The older was published in 1995 by Boutin 
et  al. In this trial, 40 patients were randomized 
to either receive 21  Gy in three fractions for 
3 days to their thoracoscopy site, very soon (10–
15 days) after thoracoscopy, or no radiotherapy. 
The PTMs incidence was 0% in the RT group 
versus 40% in the no RT group (p < 0.01). This 
result led the authors to strongly support the use 
of RT for the prevention of PTMs [3]. However, 
due to the very high rate of PTMs in the control 
group, which was significant distant from the 
data observed in the real clinical practice, these 
data were criticized.

Subsequently, an Australian trial was pub-
lished showing no significant difference in PTM 
incidence between the treatment and control arms 
(PTMs incidence in the RT group 7% vs. 10% in 
the control group, p = 0.53) [4]. This study ran-
domized 43 patients, the RT dose and fraction-
ation was 10  Gy in single fraction. Due to the 
low RT dose prescribed, also the results of this 
trial were criticized and considered inconclusive.

Trying to solve this issue, another trial was 
conducted in the UK by O’Rourke et al. [5]. After 
a pleural intervention, 61 patients were random-
ized to receive 21  Gy in three fractions within 
21  days or no prophylactic radiotherapy. Very 
few PTMs occurred (7/61, 11.5%) and there was 
no difference in incidence between the two arms 
(13 vs. 10%), leading the authors to conclude that 
local radiotherapy should only be used after the 
development of a symptomatic PTM and not as 
prophylaxis.

With the data coming from these trials and 
from other smaller not randomized studies, sys-
tematic reviews and meta-analysis were con-
ducted [6–8]. No definitive answer in favor 
or against the use of prophylactic RT could be 
derived also from the pooled data.

More recently, the results of the Surgical and 
large bore procedures in Malignant pleural meso-
thelioma And Radiotherapy Trial (SMART) were 
published by Clive et al. [9]. This trial was con-
ducted in the UK and randomized 203 patients 
who had undergone large-bore pleural inter-
ventions in the 35  days prior to recruitment to 
receive immediate radiotherapy (21 Gy in three 
fractions within 42 days of the pleural interven-
tion) or deferred radiotherapy (same dose given 
within 35 days of PTMs diagnosis). No signifi-
cant difference was seen in PTMs incidence in 
the immediate and deferred radiotherapy groups 
(9% vs. 16%; p = 0·14). Median overall survival 
from randomization was 357 days in the imme-
diate radiotherapy group and 365  days in the 
deferred radiotherapy group. The authors con-
cluded against routine use of prophylactic irra-
diation of tracts in mesothelioma, provided that 
the patient receives regular clinical follow-up to 
ensure symptoms are identified and treated early.

Finally, the results of the Prophylactic 
Irradiation of Tracts (PIT) trial were presented at 
the end of 2017 [10]. Three hundred and seventy 
five MPM patients following a chest wall proce-
dure were randomized 1:1 to receive PIT (within 
42-days of procedure) or no PIT. PIT was deliv-
ered at a dose of 21  Gy in three fractions over 
three consecutive weekdays. PTMs incidence at 
6 months was 6/186 (3.2%) versus 10/189 (5.3%) 
for the PIT versus no PIT arm respectively 
(p = 0.44) and at 12 months 15/186 (8.1%) versus 
19/189 (10.1%), respectively (p = 0.59). Again, 
the authors conclude that there is no role of RT as 
prophylactic treatment for PTMs.

Table 14.1 summarizes randomized studies of 
RT for the prevention of PTMs.

According to the results of these latter trials 
the more recent guidelines definitely took posi-
tion against the routinary use of prophylactic RT 
in MPM patients. Indeed, in the recent update 
of ASCO guidelines for MPM, it is stated that 
adjuvant radiation (and not prophylactic) should 
be offered only to patients who have resection 
of intervention tracts found to be histologically 
positive [11]. Authors also recommended further 
studies in epithelioid-only histologic subtypes 
and patients not treated with chemotherapy, 
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which in the SMART trial had a small benefit 
with immediate RT.

From a technical point of view, simple tech-
niques can be used. A single direct electron 
beam is the preferred procedure to treat the chest 
wall to at least 90% (using bolus, if necessary). 
Alternatively, photons can be used if the depth 
dose to the chest wall is adequate. Twenty one 
Gray (Gy) in three fractions on consecutive days 
is the commonest dose prescribed.

14.3  Palliative Radiotherapy

During their clinical history, most patients with 
MPM present a combination of bone and neu-
ropathic pain or various obstructive symptoms. 
Palliative radiotherapy is an effective treatment 
in this scenario and is often used with this intent, 
although we have no data that strongly support it.

MacLeod et  al. reviewed literature data to 
assess the role of palliative RT in MPM [12]. 
Eight papers were included in this systematic 
review, but most of them were retrospective stud-
ies. Total dose and fractionation ranged from 
single fraction of 8–60  Gy in 30 fractions and 
also the recorded response rate was very hetero-
geneous (0–69%). Both poor study design and 
the small number of involved patients associated 
with a retrospective assessment of pain relief and 
the absence of reported toxicity contributed to 
the undefined role of palliative radiotherapy in 

this setting. Only data from Bisset et  al.’s pro-
spective study [13] provided the strongest evi-
dence compared to other studies included in this 
review, using a clear method to evaluate the pain 
response and reporting a 68% response rate.

In 2015, MacLeod and colleagues published 
the SYSTEMS-1 study, a multicenter phase II 
trial designed to assess and evaluate the level 
of pain 5  weeks after a short course of radio-
therapy (20  Gy in five fractions) [14]. Forty 
patients were included after an optimization of 
analgesia. The evaluation of pain using the Brief 
Pain Inventory was performed from baseline. 
Quality of life (QoL), fatigue, and radiotherapy 
toxicity were also assessed by EORTC QLQ-
30, Fatigue Severity Scale (FSS) and common 
toxicity criteria for adverse events version 4.0, 
respectively. This study confirmed radiotherapy 
as an effective treatment for MPM-related pain 
(47% of patients with a clinically significant 
improvement of their pain at week 5), without 
any improvement in QoL.

Based on these results, the investigators 
started the SYSTEMS-2 randomized study to 
examine whether a dose-escalated treatment 
(36 Gy/6 fractions) results in clinically significant 
improvement of pain control compared to stan-
dard palliative radiotherapy (20  Gy/5 fractions) 
using advanced radiotherapy technique [15]. This 
trial is still ongoing and the mature data will be 
very useful to define the optimal schedule of radi-
ation treatment for MPM-related pain.

Table 14.1 Randomized studies of RT for the prevention of PTMs

Author No. of patients RT dose Toxicity ≥ G3
Procedure tract 
metastases Overall survival

Boutin  
et al. [3]

40 (20 RT vs. 20 no 
RT)

21 Gy in 
three 
fractions

None reported RT: 0
No RT: 40%

Not reported

Bydder  
et al. [4]

58 (28 RT vs. 30 no 
RT)

10 Gy in one 
fraction

None reported RT: 7%
No RT: 10%

35% at 1 year

O’Rourke 
et al. [5]

61 (31 RT vs. 30 no 
RT)

21 Gy in 
three 
fractions

None reported RT: 13%
No RT: 10%

41 weeks (median)

Clive  
et al. [9]

203 (102 immediate 
RT vs. 101 deferred 
RT)

21 Gy in 3 
fractions

None reported Immediate RT: 
9%
Deferred RT: 
16%

357 days (RT) vs. 
365 days (deferred 
RT)
(median)

Bayman 
et al. [10]

357 (186 RT vs. 189 
no RT)

21 Gy in 3 
fractions

0.5% G3 skin 
toxicity

RT: 8.1%
No RT: 10.1%

Not reported

14 Role of Radiotherapy in Malignant Pleural Mesothelioma



208

These selected studies of palliative RT are 
listed in Table 14.2.

Unfortunately, patients with MPM present a 
lot of peculiar features: poor survival, progres-
sive decline of performance status and/or quality 
of life independently from pain relief, the radio-
therapy planning complexity due to need for treat 
the entire volume of disease minimizing toxicity. 
All these aspects can limit the real estimate of the 
palliative RT efficacy.

Nevertheless, the recent update of ASCO 
guidelines for MPM strongly recommended that 
palliative radiotherapy using standard palliative 
schedules (8 Gy/one fraction, 20 Gy/five fractions, 
or 30 Gy/ten fractions) should be considered in all 
patients with MPM with localized disease causing 
pain or obstructive symptoms [11].

Any radiation technique (electrons, 2D, 
3D conformal radiation therapy) can be used 
depending on the site of treatment volume and 
organs at risk.

14.4  Adjuvant RT After 
Extrapleural 
Pneumonectomy (EPP)

Extrapleural pneumonectomy (EPP) has been 
for years the standard surgical intervention for 
MPM.  Briefly, EPP is a very demolitive surgi-
cal intervention, removing en bloc lung, visceral 
and parietal pleura, pericardium, and diaphragm 
[16]. The aim of this intervention is the mac-
roscopic complete resection, however, due to 
the infiltrative growth pattern of MPM, local 
recurrence remains a significant issue also after 
macroscopically radical EPP [17, 18]. For this 
reason, postoperative hemithoracic RT has been 
a standard treatment for decades, until recent 

years. However, due to the invasiveness of this 
surgical procedure it has been estimated that only 
52–65% of patients initially considered for tri-
modality therapy ultimately complete adjuvant 
radiation [19, 20].

From the radiation oncologist point of view, 
EPP facilitates the delivery of adjuvant RT, since 
the surgical removal of ipsilateral lung eliminates 
its dose constraints. Apart from this advantage, 
RT remains technically challenging from a dosi-
metric point of view. The adjacent organs at risk 
(OAR), particularly the contralateral lung, but 
also other structures such as heart, ipsilateral kid-
ney, liver, esophagus, and spinal cord combined 
with the irregular size and shape of the volume 
to be treated represent the main obstacle in deliv-
ering effective RT doses. This is particularly 
relevant considering that RT doses required to 
sterilize the pleural cavity after EPP are probably 
higher than 50–54 Gy [21].

Initial experiences of adjuvant RT after EPP 
have been limited for decades by the available 
technologies that hampered a successful dose 
escalation without excessive toxicity. Various 
conventional 2D or 3D techniques are described 
in the literature. A combined photon–electron 
technique was used by Rusch et al. with promis-
ing results [21]. The authors enrolled 57 patients, 
94.7% of whom had undergone EPP.  Using 
parallel opposed photon fields up to 41.4  Gy 
to the hemithorax and mediastinum and a sub-
sequent electron boost up to 54 Gy, the authors 
reported interesting results, with a median sur-
vival of 33.8 months in early stage disease and 
of 10 months in stage III or IV disease (p = 0.04). 
More interestingly, local control was achieved in 
90% of cases, with a change in the common pat-
tern of recurrence, with distant metastases noted 
in 64.8% of the 54 patients who underwent EPP 

Table 14.2 Selective studies of palliative RT

Author
No. of 
patients RT technique RT dose Pain relief

Bisset et al. [13] 22 Cobalt-60 30 Gy in ten fractions 68%
MacLeod et al. [14] 40 Not reported 20 Gy in five fractions 47% at 

week 5
Ashton et al. [15] 112 IMRT (3DCRT if IMRT is 

unavailable)
20 Gy in five fractions vs. 36 Gy in 
six fractions

Ongoing 
trial
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and radiotherapy. However, in another analysis 
from the same group with the same technique 
[22] local recurrence rates resulted significantly 
higher up to 37%, particularly in the inferior 
regions of the radiotherapy volume, raising con-
cerns about dose inhomogeneity.

A different technique known as moderate- 
dose- photon technique (MDRT) was described 
by investigators at Brigham and Women’s 
Hospital and the Dana-Farber Cancer Institute. 
They used parallel opposing photon fields to 
deliver 30 Gy in 1.5 Gy fractions to the hemitho-
rax and 40 Gy to the mediastinum, subsequently 
boosting to 54  Gy areas of particular concern 
(positive surgical margins or positive nodes). 
Used after EPP and adjuvant chemotherapy, this 
technique obtained acceptable toxicities rates, 
but local failure rates high at 35%. The reason 
for this high local failure rates has to be related 
with the delivered doses, probably insufficient to 
control the disease [23].

The availability of more advanced and precise 
technologies, like intensity modulated radiother-
apy (IMRT) gave new push to the use of RT after 
EPP. IMRT in the setting of MPM have two pos-
sible advantages: escalation of dose to the target 
and reduction of toxicity. Indeed, this technique 
allows the increase of dose homogeneity in the 
target volume, while in the same time allowing a 
better sparing of organs at risk. A boost to areas 
at high risk of disease persistence or relapse can 
be integrated in the treatment plan and delivered 
simultaneously or subsequently.

Initially, dosimetric comparisons between 
2D/3D technique and IMRT were conducted and 
published, confirming superiority of IMRT in 
terms of dose homogeneity [22, 24]. On the other 
side, IMRT increases the volumes receiving low 
doses, indeed one dosimetric study showed that 
the volume of contralateral lung receiving 20 Gy 
(V20) was increased by 7.2% (p  <  0.01) with 
IMRT [25].

In one of the first clinical experiences of 
IMRT after EPP, results were very encourag-
ing, with a 100% local control at 9  months in 
28 patients treated with 45–50  Gy with boosts 
to 60 Gy to areas of clinical concern or positive 
margins [26]. On the other side, the subsequent 

clinical series raised a significant alarm due to the 
high reported rates of severe pneumonitis, even 
fatal in some cases [27–29]. From these experi-
ences, stricter dose constraints for contralateral 
lung were derived and then applied in the clinical 
practice, paying special attention to mean lung 
dose, V5 and V20. Today the more commonly 
used dose constraints for lung after EPP include: 
mean lung dose <8 Gy, V5 < 60%, V10 < 50%, 
and V20 < 7% [30].

With similar constraints, pneumonitis rates 
decreased significantly [28, 31]. In the series by 
Thieke et al. [32] just two cases of pneumonitis 
were reported (one G3), with no G4 or G5 toxic-
ity. Sixty two patients were treated with neoad-
juvant chemotherapy, EPP and adjuvant IMRT, 
for a median dose of 48–54 Gy. Authors reported 
median OS, LRC, and DC times of 20.4, 31.4, 
and 21.4 months, respectively. The 1-, 2-, 3-year 
OS rates were 63, 42, 28%, the LRC rates were 
81, 60, 40%, and the DC rates were 62, 48, 41%.

Also in the M.D. Anderson experience on 86 
consecutive patients treated with EPP and adju-
vant IMRT [33], pneumonitis rates were accept-
able, with five patients experiencing grade 5 
pulmonary toxicity (one pneumonitis and two 
bronchopleural fistulae). Median prescribed dose 
to PTV was 45–50 Gy in 25 daily fractions. Rates 
of locoregional recurrence-free survival, distant 
metastasis-free survival, and overall survival 
were 88%, 55%, and 55% at 1  year and 71%, 
40%, and 32% at 2 years.

A phase II two-institution study evaluated 
adjuvant hemithoracic intensity-modulated pleu-
ral radiation therapy in 27 patients [34]. Radiation 
pneumonitis developed in 29.6% (six grade 2; two 
grade 3). Median progression-free and overall sur-
vival were 12.4 and 23.7 months, respectively. In 
resectable patients with MPM who received che-
motherapy and intensity-modulated pleural radia-
tion therapy, 2-year overall survival was 59%.

More advanced evolutions of IMRT, like volu-
metric modulated arc therapy (VMAT) and heli-
cal tomotherapy (HT) have been studied more 
recently in this setting. These techniques can 
be regarded as improvement of step and shoot 
IMRT, therefore they should facilitate more pre-
cise dose delivery to the tumor with increased 
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sparing of normal tissues, potentially allowing 
further dose escalation and/or reduced toxicities. 
Various dosimetric comparisons between VMAT, 
HT, and IMRT have been published. Both stud-
ies from Scorsetti et  al. and Kawashima et  al. 
showed that VMAT can guarantee the same PTV 
coverage and dose homogeneity with less moni-
tor units and a faster delivery, particularly impor-
tant considering the target volume of a post-EPP 
MPM [35, 36], as shown in Fig.  14.1. A better 
sparing of organs at risk, particularly contralat-
eral lung, can be obtained both with VMAT and 
HT, when compared with IMRT [37, 38].

Clinically, VMAT was tested on 15 patients at 
Hiroshima University Hospital [39] with results 
substantially comparable with those obtained 
with IMRT, in terms of toxicity and local control. 
Also for HT, clinical experiences have been pub-
lished. A French cohort of 24 patients was treated 
with a dose of 50 Gy to the surgical cavity and 
57 Gy to areas of clinical concern as identified 
by FDG-PET.  With an excellent dosimetry and 
acceptable toxicities, 1 and 2  year overall sur-
vival were 65% and 36%, respectively [40, 41].

Table 14.3 summarizes the cited studies of RT 
after EPP.

Despite these technological advances, there 
has been a decreasing interest toward the use of 
RT after EPP in the last years. There are two main 
reasons for this. The first is the decreased use of 
EPP, in favor of lung conservative approaches, 
like pleurectomy/decortication (PD). Indeed, due 
to the results of the MARS trial [42] and to recent 
meta-analysis showing that EPP was associated 
with significantly higher short-term mortality 
rates than PD (4.5% vs. 1.7%; p < 0.05), patients 
treated with such invasive surgery are becoming 
more and more rare [43]. The second reason is 
related to the results of the SAKK 17/04 trial [44]. 
This was a multicenter phase II study, divided in 
two parts. In the first part, patients were treated 
with neoadjuvant chemotherapy and EPP. In the 
second part, patients who completed the previous 
treatment and underwent a  macroscopic com-
plete resection were randomized to receive RT 
(IMRT or 3D) or not.

The RT dose was 45–46  Gy in either 1.75, 
1.8, or 2 Gy fractions, while areas at high risk for 

Fig. 14.1 Dose distribution (95% of prescribed dose) after EPP using VMAT technique
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local relapse were boosted to 55.9–57.6 Gy. Fifty 
four patients were randomized, 25 out of 27  in 
the RT arm completed the treatment. Relapse 
free survival was 9.4 months in the RT arm (95% 
CI 6.5–11.9) and 7.6 months in the control arm 
(95% CI 4.5–10.7), although the difference was 
not statistically significant. The authors con-
cluded that these data did not support the rou-
tine use of hemithoracic radiotherapy for MPM 
after neoadjuvant chemotherapy and EPP, further 
reducing data and studies in this field. However, 
data of the SAKK trial have been thoroughly dis-
cussed. Indeed, the trial was underpowered due 
to slow patient accrual and to patient dropout. For 
this reason it was closed earlier and did not enroll 
the right number of patients. Considering the 
technical difficulties of RT after EPP, the lack of 
central review and the absence of any dosimetry 
data biased the evaluation of the benefit that can 

be derived from RT in this setting. Lastly, not all 
patients were treated with IMRT, none with more 
advanced technologies [45].

For all this reason, the role of RT after EPP 
is still controversial. Indeed, the more recent 
ASCO guidelines still confirm that hemithoracic 
adjuvant radiation therapy may be offered to 
patients who undergo non–lung-sparing cytore-
ductive surgery (EPP), preferably in centers of 
 excellence with experience in this modality for 
mesothelioma [11].

Dose of radiation for adjuvant treatment fol-
lowing EPP should be 50–54  Gy in 1.8–2  Gy 
daily fractions, with 60 Gy delivered to macro-
scopic residual tumors, if any. The clinical target 
volume (CTV) for post-EPP RT should encom-
pass the entire pleural surface (entire surgical bed 
of the whole hemithorax), and any potential sites 
with microscopic residual disease. The gross 

Table 14.3 Selected studies of RT after EPP

Author
No. of 
patients RT technique RT dose Toxicity ≥ G3

Local 
recurrence

Distant 
recurrence

Overall 
survival

Rusch 
et al. [21]

54 Combined 
photon–
electron

41.4/54 Gy Not reported 10% 64.8% 33.8 months 
(stage I–II)
10 months 
(stage 
III–IV)

Baldini 
et al. [23]

35 Moderate 
dose photon 
technique

30/40/54 Gy Not reported 35% Not 
reported

22 months 
(median)

Ahamad 
et al. [26]

28 IMRT 45–
50/60 Gy

Not reported 0 Not 
reported

65% at 
1 year

Miles et al. 
[28]

13 IMRT 40–55 Gy 23% 46% 31% 77%

De Perrot 
et al. [31]

30 IMRT 50/60 Gy 20% 17% 37% 59 months if 
pN0
12 months is 
pN2

Thieke 
et al. [32]

62 IMRT 48–54 Gy 1.6% Median 
locoregional 
control: 
31.4 months

Median 
distant 
control: 
21.4 months

63% at 
1 year

Gomez 
et al. [33]

86 IMRT 45–50/55–
60 Gy

Skin 17.4%
Gastrointestinal 
16.3%
Heart 2.3%
Lung 11.6%

16% 59% 55% at 
1 year

Kimura 
et al. [39]

15 VMAT 54 Gy 20% 33.3% 46.7% 43% at 
1 year

Helou 
et al. [41]

29 Helical 
Tomotherapy

50 Gy 20.7% Not reported Not 
reported

65% at 
1 year
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tumor volume (GTV) should include any grossly 
visible tumor, with surgical clips indicative of 
gross residual tumor; elective nodal irradiation 
(regional nodes) is not recommended. The plan-
ning target volume (PTV) should consider target 
motion and daily set-up errors, with margins of 
expansion dependent on single patient and single 
institution assessment [46].

14.5  Adjuvant RT After 
Pleurectomy/Decortication 
(P/D)

Due to the severe perioperative complications 
and the significantly high short-term mortality 
rates, EPP was progressively less used in the 
clinical practice in favor of lung-sparing surgery 
[47]. Radical pleurectomy/decortication (P/D) is 
a lung-sparing surgery for MPM that represents 
a cytoreductive treatment option with the aim of 
removing all gross disease [48]. This operation 
includes macroscopic removal of the parietal 
and visceral pleural layer, sparing the underlying 
lung. When the diaphragm or pericardium is also 
resected, it should be called an extended P/D. The 
high possibility of having a residual microscopic 
disease after this kind of surgery makes the radia-
tion treatment targeting the ipsilateral pleura a 
suggested adjuvant therapy.

As for radiotherapy after EPP, also in this sce-
nario the continuous improvement of the tech-
nologies improved the opportunity to deliver 
effective radiotherapy for disease control.

Conventional radiotherapy techniques 
(2D/3D) were historically associated with high 
incidence of radiation pneumonitis in absence of 
a real survival advantage [49, 50].

With the introduction of IMRT, clinical out-
come and toxicities had significant changes. 
The first published retrospective analysis of 36 
patients who received pleural IMRT at a median 
dose of 46.8 Gy (range 41.4–50.4 Gy) following 
PD (56%) or no surgery (44%), reported a 20% 
grade 3 or greater pneumonitis risk, including one 
death. The median survival in resectable patients 
was 26  months [51]. In 2014, the same group 
analyzed retrospective data from 67 patients 

treated with definitive or adjuvant hemithoracic 
IMRT. Local failure remained the dominant form 
of failure pattern, with a 1- and 2-year actu-
arial failure rate of 56% and 74%, respectively. 
Patients treated with adjuvant hemithoracic pleu-
ral IMRT after P/D experienced a significantly 
longer time to local (1- and 2-year actuarial in-
field local failure rates of 43% and 60% vs. 66% 
and 83%, respectively) and distant (1- and 2-year 
actuarial distant failure rates of 28% and 40% vs. 
51% and 65%, respectively) failure than patients 
treated with definitive pleural IMRT [52]. The 
subsequent IMPRINT phase II study assessed 
prospectively the safety of IMRT after chemo-
therapy and PD delivering a total dose of 50.4 Gy 
in 28 fractions [34]. At a median follow up of 
21.6  months, 27 patients were evaluable. Two 
patients experienced grade 3 radiation pneumo-
nitis, all recovered after corticosteroid initiation, 
and no grade 4 or 5 radiation- related toxicities 
were recorded.

More recently, again the Memorial Sloan- 
Kettering Cancer Center, published the results of 
hemithoracic IMRT compared with conventional 
RT in patients treated with P/D. They analyzed 
209 patients who underwent P/D and adjuvant RT 
(131 who received conventional RT and 78 who 
received IMPRINT) and demonstrated a statisti-
cally improved OS in the IMRT arm (median 20.2 
vs. 12.3 months [p = 0.001]). Higher Karnofsky 
performance score, epithelioid histological type, 
macroscopically complete resection, and use 
of chemotherapy/IMPRINT were found to be 
significant factors for longer OS in multivari-
ate analysis. Grade 2 or higher esophagitis were 
observed in fewer patients after IMPRINT than 
after conventional RT (23% vs. 47%) [53].

These selected studies of RT after PD are 
reported in Table 14.4.

These encouraging results favored the use 
of new forms of highly conformal radiother-
apy, such as volumetric modulated arc therapy 
(VMAT) and helical tomotherapy (HT). These 
techniques were able to spare organs at risk 
(OaRs) better than IMRT with an adequate PTV 
coverage (Fig. 14.2).

A dosimetric comparison of VMAT and 
IMRT confirmed an appropriate PTV cover-
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Table 14.4 Selected studies of RT after PD

Author
No. of 
patients RT technique RT dose Toxicity ≥ G3

Local 
recurrence

Distant 
recurrence

Overall 
survival

Gupta 
et al. 
[50]

123 Combined 
photon–
electron

42,5 Gy 
(median)

28% (grade 3–4)
1.6% (grade 5)

56% 11% 23% at 
2 year

Minatel 
et al. 
[54]

28 (20 
after PD 
or 
extended 
PD)

Tomotherapy 50–
60 Gy

7% (pneumonitis)
3.5% 
(thrombocytopenia)
3.5% (chest wall 
pain)

Not reported Not 
reported

Not 
reported

Rimner 
et al. 
[52]

28 (PD or 
extended 
PD)

IMRT 45–
50.4 Gy

Not reported 43% at 
1 year
66% at 
2 year

28% at 
1 year
51% at 
2 year

89% at 
1 year
82% at 
2 year

Shaikh 
et al. 
[53]

209 (131 
vs. 78)

Conventional 
photon/
electron vs. 
IMRT

45 Gy four cases vs. two 
cases (toxicity- 
related deaths)

47% vs. 60% 
at 2 year (no 
significant 
difference)

Not 
reported

20% vs. 
42% at 
2 year

Fig. 14.2 Dose 
distribution (95% of 
prescribed dose) after PD 
using VMAT technique
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age for both techniques but a better sparing 
of OaRs, less MU and a shorter delivery time 
for VMAT.  This planning study involved 20 
patients; the prescription dose per fraction was 
1.8 Gy with a total dose ranged from 50.4 Gy to 
46.8 Gy. Main planning objectives for lung and 
PTV were: contralateral lung, mean dose <8 Gy; 
PTV D95 = 94%, V95 = 94%, D05 = 115% [55]. 
A single dosimetric case report was published 
about the comparison of VMAT and HT [56] 
and evidenced a better sparing of contralat-
eral lung in the HT planning study (V20, V10, 
V5: 0%, 2.3%, 17.1% for HT compared to 0%, 
14.8%, 65.8% for VMAT).

The first clinical experience to assess the 
safety of high doses of radiation delivered 
with tomotherapy in MPM patients with intact 
lung was reported in 2012. Prospective data of 
28 patients who had undergone PD (71%) or 
biopsy only (29%) were analyzed. Five of the 28 
patients (17.8%) experienced severe respiratory 
symptoms within 5 months after the end of radio-
therapy, (grade 2 pneumonitis in three cases, and 
grade 3 pneumonitis in two cases). No grade >3 
respiratory toxicity was reported. Contralateral 
lung V5 was strongly correlated with the risk of 
pneumonitis. Patients who developed grade 2 and 
3 pneumonitis had a higher contralateral lung V5 
(mean V5 = 32%) than those without pneumoni-
tis (mean V5 = 17%) (p = 0.02) [54].

In 2014, long term follow up data on the use 
of high-dose radiotherapy delivered with HT for 
patients who underwent radical pleurectomy/
decortication (P/D) were published. Minatel et al. 
analyzed 20 consecutive MPM patients enrolled 
in a prospective study. The clinical target volume 
was defined as the entire hemithorax excluding 
the intact lung. The dose prescribed was 50 Gy 
in 25 fractions, while areas of FDG avidity were 
simultaneously boosted to 60  Gy. Cisplatin/
pemetrexed chemotherapy was administered 
in 95% of patients. The results were among the 
best observed in recent studies. At a median fol-
low up of 27  months, the median OS and PFS 
were 33 and 29  months, respectively, and the 
Kaplan–Meier estimates of OS at 2 and 3 years 
were 70% and 49%, respectively. No fatal toxic-
ity was reported. Five cases of grade 3 toxicity 

were observed (two patients with pneumonitis, 
one patient with pericardial effusion, one patient 
with thrombocytopenia and another with pain to 
the chest wall). Only one patient experienced a 
grade 4 pericardial effusion [57].

Although the introduction of highly confor-
mal radiotherapy techniques have improved the 
results in terms of toxicity and clinical outcome, 
adjuvant radiation treatment after lung-sparing 
surgery remain particularly challenging due 
to the risk for radiation pneumonitis, a poten-
tially severe toxicity. Moreover, there are no 
randomized data about these new technologies. 
Therefore, the recent ASCO guidelines rec-
ommend that hemithoracic adjuvant intensity- 
modulated radiation therapy may be offered to 
patients who undergo lung-sparing surgery but 
only in highly experienced centers, preferably in 
the context of a clinical trial [11].

14.6  Definitive RT for MPM

The use of RT as definitive treatment for unre-
sectable disease is not suggested anymore. The 
main limitation to this kind of approach is that 
the required tumoricidal dose (>60 Gy) is virtu-
ally impossible to deliver, without unacceptable 
risks for the healthy surrounding organs. Data in 
literature about this issue are generally quite old 
with single institution experience.

In 1988, Alberts et al. compared outcome for 
262 patients treated with various combinations of 
RT, pleurectomy, and chemotherapy. RT was deliv-
ered to the entire hemithorax to doses of 45–80 Gy. 
All treatment groups had similar outcome, with 
a median survival time of 9.6 months; no toxic-
ity data were described [58]. Few years later, Ball 
and Cruickshank reported on 12 patients treated 
with “radical RT.” Treatment comprised 40 Gy to 
the entire hemithorax, after which the spinal cord 
was blocked and the treatment continued to a total 
dose of 50 Gy. Two patients experienced G5 tox-
icity (one hepatitis and one myelopathy), median 
survival time was 9 months [59]. Three different 
RT schedules were prescribed by Maasilta in 34 
patients with unresected mesothelioma: 55 Gy in 
2.2-Gy fractions (split course) to the hemithorax 
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followed by a boost to gross disease to 70  Gy; 
70 Gy to the hemithorax in 1.25 twice daily frac-
tions (split course); and 35 Gy in 1.25 twice daily 
fractions to the hemithorax with a boost to gross 
disease using 4-Gy fractions to a total dose of 
71 Gy [49]. Pulmonary toxicity up to a total loss 
of function of ipsilateral lung was described at 
12  months, while no data on local control were 
reported. With more advanced technologies, 
like IMRT, a report from Heidelberg described 
11 patients treated with 40–50  Gy to the gross 
tumor volume. No severe acute or late effect was 
recorded, however no indications of efficacy was 
possible because of the small number of patients 
and the heterogeneity of the series [60].

A selected series of these cited studies are 
included in Table 14.5.

Based on these data, definitive RT is not rec-
ommended. Select patients with unresectable 
pleural disease may be considered for hemitho-
racic pleural IMRT at centers of excellence with 
expertise in this approach [11].

A different evaluation can be done in case of 
macroscopic asymptomatic recurrence in previ-
ously treated patients. Although no clear data can 
be derived from the literature, ASCO guidelines 
suggest that RT may be offered to these patients. 
Considering the high variability of clinical pre-
sentation, dose and fractionation depend on the 
clinical scenario, prior treatments, currently avail-
able treatment options, as well as the patient’s 
wishes. In case of small recurrences, also high-
dose hypofractionated stereotactic body radiation 
therapy could be taken into consideration [11].

14.7  Trimodality Treatment

While the role of each single treatment modality 
was investigated and the studies have confirmed 
significant improvements in the administration of 

systemic therapy, surgery, and radiotherapy, the 
optimal combination and therapeutic strategy for 
each individual patients with MPM still remains 
unclear and debated. The trimodality approach 
incudes the use of all the three strategies, with 
timeline and methods that vary significantly from 
one study to another.

In this scenario, much of the outcome data 
derive from EPP series.

Five multicenter studies (including three 
phase II trials) assessed efficacy and feasibility 
of the trimodality approach [19, 20, 61–63]. The 
small cohort of patients (range 42–77), the vari-
ety of radiotherapy techniques (not reported or 
3D/IMRT) and planned radiotherapy dose (from 
54 Gy to 60 Gy in 30 fractions), and the absence 
of control groups and randomization make the 
overall analysis difficult and not conclusive. 
Nevertheless, median overall survival rates 
between 15.5 and 19.9 months are reported, with 
a favorable prognosis for patients completing EPP 
(median OS range: 21.9–23 months) and a fur-
ther survival benefit in patients completing radio-
therapy (median OS range: 29.1–39.4 months).

The attempt to analyze a randomized sample 
of patients in the setting of EPP was represented 
by the previously cited trial SAKK 17/04. This 
two part multicenter randomized phase 2 trial 
had the purpose to assess the effect of high-dose 
hemithoracic radiotherapy after neoadjuvant che-
motherapy and extrapleural pneumonectomy in 
patients with stage I–III MPM. Fifty-four patients 
resulted in macroscopically complete resection 
were randomized to receive RT or not.

The results did not support the use of adjuvant 
radiotherapy in the subset of patients selected for 
the randomization because there was no benefit in 
terms of locoregional relapse-free survival [44]. 
However, the SAKK trial conclusions cannot be 
considered conclusive due to the previously cited 
limitations of the study.

Table 14.5 Selected studies of definitive RT for unresectable MPM

Author No. of patients RT dose Toxicity ≥ G3 Overall survival
Ball and Cruickshank [59] 12 40/50 Gy 16.7% 9 months (median)
Maasilta [49] 34 55/70 Gy 100% Not reported
Munter et al. [60] 11 40/50 Gy None reported 18% at 1 year
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Other clinical data on the role of trimodality 
approach derive from the PD series, although less 
numerous.

The aforementioned experiences of the 
Memorial Sloan-Kettering Cancer Center and 
Minatel and colleagues reported encouraging 
data in terms of overall survival and toxicity, 
using IMRT and tomotherapy, respectively, after 
platinum/pemetrexed chemotherapy (in neoad-
juvant or adjuvant setting) and lung-sparing sur-
gery [53, 57].

Table 14.6 summarizes the main data from 
studies that investigated trimodality treatment 
in the setting of both EPP and PD, particularly 
regarding reported median OS.

More data are needed.

14.8  Future Directions

Intensity-modulated proton therapy (IMPT) is a 
new technique that, exploiting the physical char-
acteristics of protons, could be used to escalate 
doses to complex target volumes, such as MPM, 
while improving the organs at risk sparing. Clinical 
data on IMPT for MPM are still lacking. Pan et al. 
reported on four patients with epithelioid MPM, 

treated with IMPT. Treatment tolerance was good, 
IMPT produced lower mean doses to the contra-
lateral lung, heart, esophagus, liver, and ipsilateral 
kidney, with increased contralateral lung sparing 
when mediastinal boost was required for nodal 
disease [64]. More recently, Lee et al. described 
three cases of MPM treated with IMPT to 54 Gy 
after EPP, with two patients receiving boosts to 
66 and 60 Gy. Treatment was well tolerated and 
patients received doses to OARs markedly lower 
than those seen in comparison VMAT or IMRT 
photon plans [65]. These results were comparable 
with dosimetric comparison studies previously 
published, suggesting that IMPD could reduce the 
doses received by liver, ipsilateral kidney, heart, 
and contralateral lung [66, 67].

Confirmatory clinical data are required, how-
ever protons could represent an interesting option 
to improve results of RT for MPM.

A completely different approach was 
tested in a prospective trial conducted at the 
Princess Margaret Hospital. In their Surgery 
for Mesothelioma After Radiation Therapy 
(SMART) trial, the researchers tested the pos-
sible role of RT as neoadjuvant treatment 
before surgery. In this phase I/II trial 25 patients 
received neoadjuvant accelerated hemithoracic 

Table 14.6 Trimodality treatment (TMT) in the setting of both EPP and PD

Author Krug et al. [20] Van Schil 
et al. [19]

Minatel et al. 
[57]

Hasegawa et al. 
[62]

Rimner et al. [34]

Date of 
publication

2009 2010 2014 2016 2016

Type of study Phase II Phase II Prospective 
study

Prospective 
feasibility

Phase II

Number of 
patients

77 59 20 42 45

Induction 
chemotherapy

Cisplatin- 
pemetrexed

Cisplatin- 
pemetrexed

Cisplatin- 
pemetrexed

Cisplatin- 
pemetrexed

Cisplatin- 
pemetrexed (26) or 
carboplatin- 
pemetrexed (18)

Type of surgery EPP EPP PD EPP PD
Planned RT dose 54 Gy 

(30 × 1.8 Gy)
54 Gy 
(30 × 1.8 Gy)

50/60 Gy 
(25 × 2/2.4 Gy)

54 Gy 
(30 × 1.8 Gy)

50,4 Gy 
(28 × 1.8 Gy)

RT technique Matched 
photon/
electrons IMRT

3D conformal 
IMRT

Tomotherapy 3D conformal 
with matched 
photon/electrons

IMRT

Median survival 
for patients 
completing TMT

29.1 months 33 months 33 months 39.4 months 23.7 months
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IMRT (25 Gy in five fractions with a concomi-
tant boost of 5  Gy) followed by EPP within 
1 week. IMRT was well tolerated with no grade 
3+ toxicities, no perioperative mortality was 
recorded. Thirteen patients developed grade 3+ 
surgical complications. One patient (4%) died 
from treatment- related toxicity (empyema).

After a median follow-up of 23 months (range, 
6–51), the cumulative 3-year survival reached 
84% in epithelial subtypes compared with 13% 
in biphasic subtypes [68]. A subsequent report 
on 62 patients still confirmed very promising 
survival data, with median overall survival of 
36  months. Patients with epithelioid MPM had 
a median overall and disease-free survival of 51 
and 47 months. On the other side, toxicity rates 
were quite high, since the rate of complications 
grade 3 or greater was 39% [11]. As highlighted 
by ASCO experts, this high-risk strategy has not 
been validated by other institutions and should 
first be established at centers with significant 
expertise in the multimodality management of 
MPM before being used by a wider community. 
However, the survival rates are really encourag-
ing, therefore research in the neoadjuvant setting 
should be advised. Indeed, these results are being 
tested in prospective studies (https://clinicaltri-
als.gov/ct2/show/NCT02613299, https://clinical-
trials.gov/ct2/show/NCT00797719).

A similar study with neoadjuvant IMRT 
followed by pleurectomy/decortication is 
ongoing (https://clinicaltrials.gov/ct2/show/
NCT02672033).

A possible explanation for the good results of 
neoadjuvant IMRT is the activation of an immune 
response against the tumor after RT, on the basis 
of similar data in other kind of solid tumors. 
Therefore, also in MPM, there is an ongoing trial 
testing the possible benefit of combining RT and 
immunotherapy in stage IV patients (https://clini-
caltrials.gov/ct2/show/NCT03399552).

14.9  Conclusion

The role of RT in MPM remains controversial in 
all the different scenarios and the future is unclear. 
Considering the trend toward a less complete sur-

gical resection, it is predictable that adjuvant RT 
will become more and more necessary for improv-
ing locoregional control rates. It is undoubted that 
RT made dramatic progresses in recent years, due 
to a previously never seen technological improve-
ment. How these changes will modify and improve 
RT results in MPM is still to be clarified, although 
initial clinical data are promising.

Considering the previous failure of almost all 
randomized trials in MPM due to slow accrual, it 
is required a major effort from the international 
community to deliver high quality, multicenter 
clinical trials, and/or to create large prospective 
database, in order to generate evidences in this 
challenging and unfavorable disease.
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15.1  Introduction

Malignant pleural mesothelioma (MPM) is a rare 
disease that typically arises from mesothelial sur-
faces of the pleural cavity, mostly related to previous 
occupational or environmental asbestos exposure. 
Its incidence has already peaked in the United 
States, whereas is still increasing in European coun-
tries, in which the incidence is expected to peak 
around 2020 [1, 2]. Due to its pattern of growth, 
MPM is generally diagnosed at a late stage and 
only a minority of patients can be suitable for radi-
cal surgery. Therefore, systemic treatments remain 
the standard of care for most patients [3].

Extensive research in mesothelioma thera-
peutics has been conducted in the last decades, 
especially focusing on antiangiogenic drugs and 
immunotherapies, but a number of small phase 
II studies and a few phase III trials with several 

targeted therapies have failed to improve patient 
outcome, with a median overall survival (mOS) 
ranging from 12 to 18 months after diagnosis. In 
particular, despite the recent results of the MAPS 
trial [4], the use of bevacizumab in addition to stan-
dard chemotherapy for the treatment of advanced 
MPM has not been approved in most countries. 
Therefore cytotoxic chemotherapy remains the 
only universally accepted therapeutic option with 
a proven survival benefit. Following the results 
of two large randomized phase III trials, doublets 
with cisplatin and antimetabolites (pemetrexed or 
raltitrexed) have been established as the standard 
of care for unresectable MPM [5, 6]. In patients 
unfit to receive cisplatin, several phase II studies 
[7, 8] and a large expanded access program [9] 
have shown that the association of carboplatin and 
pemetrexed can provide similar activity as com-
pared to cisplatin and pemetrexed, with a simpler 
administration and perceived lower toxicity.

Unfortunately, almost all patients experience 
disease progression after initial chemotherapy, 
but no standard treatments are available in the 
second-line setting [10]. Therefore, the preferred 
option in second or further line should be patient 
enrollment in experimental trials, when available 
[11]. Alternatively, single-agent chemotherapy 
with vinorelbine or gemcitabine may be proposed, 
even though their activity is limited [12]. In the 
selected subset of patients achieving a prolonged 
benefit from first-line pemetrexed-platinum treat-
ment, rechallenge with a pemetrexed-based regi-
men may be a reasonable option [13]. 
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15.2  Perioperative Chemotherapy

The role of perioperative chemotherapy for the 
management of MPM is controversial, consider-
ing that to date no prospective randomized phase 
III trial has established yet whether surgery itself, 
alone, or in combination with radiotherapy, leads 
to an improvement in survival [14]. Theoretically, 
as has been proved in other cancers, pre- and post-
operative chemotherapy might reduce the risk of 
local and distant relapse also in MPM. There are 
no studies comparing neo-adjuvant versus adju-
vant treatment in this setting. Most published 
studies regarding perioperative chemotherapy are 
small, single Institution trials; enrolled patients 
are therefore very heterogeneous as concerns 
stage, histology, chemotherapy regimens, and 
surgical techniques. Neo-adjuvant treatment has 
the potential to downstage the tumor and make 
radical surgical resection more feasible [15, 
16]. Furthermore, induction treatment has the 
advantage of earlier treatment delivery and better 
compliance, and of “real time” identification of 
sensitive versus resistant disease [17]. This is par-
ticularly relevant, because offers the possibility 
to select for resection only patients not progress-
ing during chemotherapy, avoiding unnecessary 
surgical procedures for those with rapidly evolv-
ing disease [18]. Finally, the availability of large 
surgical samples at the time of surgery gives the 
chance to study biological impact of therapy. 
On the other hand, the main disadvantages of 
induction chemotherapy are a potentially higher 
surgical mortality and morbidity and a delay of 
surgery [19, 20].

Several nonrandomized studies have evalu-
ated a tri-modality treatment consisting of induc-
tion chemotherapy, followed by surgery and 
subsequent RT, with mOS ranging from 12.8 to 
33.5 months and a median disease free survival 
(mDFS) ranging from 8.6 to 21.6  months [21, 
22]. In an early trial, the combination of plati-
num and gemcitabine was identified as an active 
regimen in MPM [23] and this led to several 
small prospective trials using this regimen as 
neo- adjuvant therapy followed by surgery and 
radiotherapy [24–27]. Following the encourag-

ing results of the phase III study of pemetrexed 
and cisplatin versus cisplatin alone in the first- 
line setting [5], this combination became the 
preferred induction regimen in prospective mul-
timodality trials [18, 28–30]. In particular, Krug 
et  al. performed a multicenter phase II trial of 
neo-adjuvant cisplatin plus pemetrexed followed 
by extra-pleural pneumonectomy (EPP) and adju-
vant radiotherapy [18]. The reported mOS was 
16.8 months in the overall population (95% CI, 
13.6–23.2 months), and 29.1 months in patients 
completing all therapy. The radiologic response 
rate (RR) was 32.5% (95% CI, 22.2–44.1), and of 
note it was associated with an increased median 
OS [26.0  months compared with 13.9  months 
for patients with stable or progressive disease 
(p = 0.05)].

Despite the promising results of single arm 
phase II studies, the effectiveness of trimodality 
approach (specifically addressed in a dedicated 
chapter of this book), has not been confirmed in 
randomized trials. The Mesothelioma and Radical 
Surgery (MARS) trial randomized 50 patients to 
EPP following platinum-based chemotherapy, 
plus postoperative hemithoracic radiotherapy 
in selected cases, versus standard therapy alone 
(chemotherapy only) [31]. No survival nor qual-
ity of life benefit from EPP was shown; on the 
contrary, patients in the no-EPP group had a bet-
ter outcome (HR adjusted for prognostic vari-
ables 2.75). Additionally, the SAKK 17/04 study, 
a randomized phase II trial investigating the role 
of high-dose hemithoracic radiotherapy after 
neo-adjuvant chemotherapy and EPP, reported no 
difference in mOS nor in  loco-regional relapse- 
free survival (RFS) between the two groups, 
with a median loco-regional RFS from surgery 
of 9.4  months in the radiotherapy group and 
7.6 months in the no radiotherapy group [32].

In conclusion, as highlighted in a recently 
published Cochrane systemic review [33], given 
the lack of evidence of multimodality treatment 
effectiveness, these interventions should cur-
rently be limited, and the use of perioperative 
chemotherapy outside clinical trials should be 
recommended for selected patients only, treated 
in centers with adequate expertise.

L. Gianoncelli et al.



223

15.3  First-Line Chemotherapy

Several trials have demonstrated that first-line 
chemotherapy improves survival and quality 
of life in MPM patients; therefore guidelines 
strongly suggest to evaluate all patients for che-
motherapy [34, 35]. Based on randomized phase 
III trials, combination of cisplatin, with either 
pemetrexed or raltitrexed, represent the standard 
up-front treatment (Table  15.1). Carboplatin is 
an acceptable alternative to cisplatin and may be 
better tolerated especially in the elderly popula-
tion. Several phase II and III clinical trials are 
investigating the addition of novel agents to 
pemetrexed/cisplatin therapy, but to date no agent 
has proved an improvement upon the efficacy of 
standard chemotherapy.

15.3.1  Pemetrexed–Cisplatin

Despite extensive research into mesothelioma 
therapeutics, the nature of cytotoxic chemother-
apy in clinical practice has remained unchanged 
since 2003, when the combination chemotherapy 
with cisplatin plus pemetrexed has become the 
standard first-line therapy worldwide [5].

The role of cisplatin–pemetrexed combination 
was initially assessed in a Phase I trial in which 
11 MPM patients received pemetrexed plus cis-
platin, at increasing doses. The results of the trial 
showed that the combination was safe and active 
with five patients (45%) experiencing a partial 
response [36].

Based on this background, the EMPHACIS 
phase III trial was designed to determine whether 
pemetrexed–cisplatin was associated with supe-

rior survival duration compared with cisplatin 
alone in the first-line treatment of MPM patients. 
From April 1999 to March 2001, 456 eligible 
patients were enrolled in the trial. Of them, 448 
(226 receiving pemetrexed–cisplatin, and 222 
receiving cisplatin alone) were assessable for 
efficacy and toxicity.

The mOS for patients treated with pemetrexed–
cisplatin was longer than for patients receiving 
cisplatin alone: 12.1 months versus 9.3 months, 
with an HR 0.77. As with survival, the median 
time to progressive disease (mTTP) was signifi-
cantly longer for patients who received the combi-
nation (5.7 months vs. 3.9 months; p = 0.001). All 
responses were partial responses (PRs): 41.3% for 
pemetrexed/cisplatin patients versus 16.7% for 
the control group. This study also analyzed the 
effect of vitamin supplementation with vitamin 
B12 and folic acid  on those regimens. Patients 
receiving pemetrexed/cisplatin with vitamins had 
greater improvement in all efficacy parameters 
than those receiving the same regimen without 
vitamins. Supplementation enabled patients to 
receive more cycles of treatment, and this may 
explain the differences in outcomes.

Regarding quality of life, the previously vali-
dated Lung Cancer Symptom Scale for mesothe-
lioma (LCSS-Meso) questionnaire [37, 38] was 
administered to patients in the EMPHACIS trial, 
with a 90% completion rate. The overall symp-
tom score favored the combination arm after 
6  cycles (p  = 0.004). By week 12 (4  cycles), a 
statistically significant improvement in pain, 
cough, and dyspnea was noted in the pemetrexed 
plus cisplatin arm. Furthermore, improvements 
in global quality of life (p = 0.025) and fatigue 
(p = 0.027) were reported.

Table 15.1 First-line randomized phase III chemotherapy trials in MPM

Author (ref.) Regimen No. of pts RR (%) mPFS (m) mOS (m)
Vogelzang et al. [5] Cisplatin/pemetrexed 226 41.3 5.7 12.1

vs.
Cisplatin 222 16.7 3.9 9.3

van Meerbeeck et al. [6] Cisplatin/raltitrexed 126 23.6 5.5 11.4
vs.
Cisplatin 124 13.6 4.0 8.8

Pts patients, RR response rate, m months, mPFS median progression free survival, mOS median overall survival
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Regarding toxicity, in the pemetrexed/cis-
platin arm, grade 3–4 neutropenia (27.9%) and 
grade 3–4 leukopenia (17.7%) were the most 
common hematologic toxicities. In both treat-
ment groups, nausea, vomiting, and fatigue were 
the most commonly reported nonlaboratory tox-
icities, with 88% of events reported as grade 3.

15.3.2  Raltitrexed–Cisplatin

After promising phase II trials exploring the activ-
ity of raltitrexed, another antimetabolite, either as 
a single agent or in combination with a platinum 
agent, a Phase III randomized study promoted by 
the European Organization for the Research and 
Treatment of Cancer (EORTC) and the National 
Cancer Institute of Canada (NCI Canada) was 
performed [6]. A total of 250 patients were ran-
domized to receive cisplatin 80 mg/m2 with ralti-
trexed 3 mg/m2 or cisplatin alone, both regimens 
administered every 3 weeks. In 213 patients with 
measurable disease, the combination of cispla-
tin and raltitrexed achieved a RR of 24% versus 
11% in the control arm. A mOS of 11.4 versus 
8.8 months and a 1-year survival rate of 46% ver-
sus 40% were reported in the experimental and in 
the control arm, respectively. These differences 
were of borderline statistical significance, prob-
ably because the study was underpowered. A sep-
arate analysis on quality of life pointed out that 
dyspnea was significantly improved in patients 
who received the combination [39].

To date no univocal data exist to prefer peme-
trexed or raltitrexed in combination with cisplatin. 
Woods et al. [40] estimated the relative efficacy 
of raltitrexed plus cisplatin and pemetrexed plus 
cisplatin in an adjusted indirect comparison. A 
cost-effectiveness model was used to assess the 
lifetime costs and health outcomes associated 
with the two regimens. Raltitrexed plus cisplatin 
and pemetrexed plus cisplatin were not found to 
be statistically significantly different with respect 
to overall RR, PFS, or OS. The cost-effectiveness 
analysis found raltitrexed plus cisplatin to be 
cost-effective, offering marginally higher quality 
adjusted life years and life years at a substantially 
lower total cost. In another recently published 

paper [41], the efficacy and safety of the two 
combinations were compared using the model of 
the network meta-analysis of randomized clinical 
trials. Again, no significant differences emerged 
in an indirect comparison. However, although 
based on this evidence the combination of ralti-
trexed and cisplatin should be considered an 
active alternative to the pemetrexed regimen for 
patients with advanced MPM, it is not approved 
for this indication in many countries.

15.3.3  Pemetrexed–Carboplatin

Considering the toxicity profile of cisplatin and 
the great number of patient unfit to receive this 
drug, especially in a palliative setting, carbopla-
tin is often used in clinical practice to reduce the 
risk of toxicity.

In a nonrandomized phase II trial [7], 102 
MPM patients were treated with pemetrexed 
500 mg/m2 and carboplatin AUC5 every 21 days 
for a median of 6  cycles. All patients received 
vitamin B12 and folate supplementation. Two 
patients had complete responses (CR), and 17 
had a PR, for a total RR of 18.6% (95% CI 11.6–
27.5%). Stable disease (SD) was registered in 
47% (95% CI 37.1–57.2%) of patients. mOS was 
12.7 months, with mTTP of 6.5 months. Overall, 
19.6% of patients developed grade 3–4 neutrope-
nia, and 11.7% experienced grade 3–4 anemia. 
Treatment was generally well tolerated; in the 96 
patients receiving over 2  cycles of pemetrexed 
and carboplatin, relative dose intensity was 97% 
for pemetrexed and 98% for carboplatin.

Another phase II study included 76 patients 
with measurable advanced MPM, treated with 
the same combination. A RR of 25% was reached 
(21% of PR and 4% of CR). Median TTP was 
8  months and mOS was 14  months. Grade 3 
hematological toxicity was observed in 36 
(47.3%) patients; grade 4 hematological toxicity 
in 5 (6.5%) [8].

Furthermore, a large expanded access program 
collected data from 1704 chemotherapy- naive 
MPM patients, of whom 843 received pemetrexed 
plus cisplatin and 861 pemetrexed plus carbopla-
tin AUC5 [9]. The analysis demonstrated similar 
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RR for carboplatin plus pemetrexed compared 
with cisplatin plus pemetrexed (21.7% vs. 26.3%), 
as well as similar mTTP (6.9 vs. 7 months) and 
1-year OS rate (64% vs. 63.1%).

Considering the high rate of MPM diagnosis 
in elderly patients (≥70  years), a pooled retro-
spective analysis using individual patient data 
from the two previously described phase II tri-
als [7, 8] was performed, in order to compare the 
efficacy, toxicity, and survival outcomes of car-
boplatin–pemetrexed in elderly versus younger 
patients. A total of 178 patients with an Eastern 
Cooperative Oncology Group performance sta-
tus (ECOG PS) of ≤2 were included. Median 
age was 65 years (range 38–79), with 48 patients 
≥70  years (27%). Grade 3–4 hematological 
toxicity was worse in ≥70 versus <70-year-old 
patients, with neutropenia observed in 25.0 ver-
sus 13.8% (p  =  0.11), anemia in 20.8 versus 
6.9% (p = 0.01), and thrombocytopenia in 14.6 
versus 8.5% (p = 0.26). Nonhematological toxic-
ity was mild and similar in the two groups. No 
significant difference was observed in terms of 
overall DCR (60.4 vs. 66.9%, p  =  0.47), TTP 
(7.2 vs. 7.5 months, p = 0.42), and OS (10.7 vs. 
13.9 months, p = 0.12) [42].

Based on these results, although not supported 
directly by a randomized comparison, carboplatin 
in combination with pemetrexed may be consid-
ered a valid alternative option if cisplatin toxic-
ity represents a concern, as in elderly patients or 
patients with comorbidities [34, 35].

15.3.4  Other Combinations

Based on results of a preclinical study in murine 
mesothelioma models showing an additive anti-
tumor effect of gemcitabine when administered 
with cisplatin [43], this combination was evalu-
ated in several phase II trials. In the first single 
institution phase II study by Byrne et al., 10 of 
the 21 enrolled patients (47%) exhibited a partial 
response. Nine of the ten patients had epithelioid 
mesothelioma, and one patient had a mixed his-
tology. The estimated mPFS was 25 weeks and 
the estimated mOS was 41  weeks (10  months) 
[23]. Subsequently, a multicenter phase II trial 

evaluated 53 patients with MPM.  Seventeen of 
the 52 assessable patients (33%) achieved a PR 
and 31 (60%) exhibited a SD.  The mTTP was 
6.4 months, with a mOS of 11.2 months. Major 
toxicities were hematological, limiting the mean 
relative dose intensity of gemcitabine to 75% 
[44]. In both trials, patients were treated with cis-
platin at 100 mg/m2 i.v. day 1 and gemcitabine 
1000  mg/m2 i.v. days 1, 8, and 15 of a 28-day 
cycle, delivered for a maximum of 6 cycles.

Lower response rates were observed in other 
trials using this combination. In a study per-
formed in the Netherlands, cisplatin was given 
at 80  mg/m2 along with gemcitabine 1250  mg/
m2 every 21  days [45]. Four PRs were seen in 
25 patients (16%). Median TTP was 6  months, 
with a mOS of 9.6 months. In an ECOG study 
in which cisplatin was administered at 75 mg/m2 
along with gemcitabine 1250 mg/m2 on day 1 and 
8, a PR was seen in nine patients (26%), with a 
mTTP of 8 months and a mOS of 13 months. An 
open-label phase II Southwest Oncology Group 
(SWOG) study enrolled 50 chemotherapy naïve 
MPM patients to receive gemcitabine 1000 mg/
m2 and cisplatin 30 mg/m2 on days 1, 8, and 15 
of a 28-day cycle, until progression of disease or 
2 cycles beyond complete response. The RR was 
12% and SD was seen in 50% of patients. Median 
OS was 10 months (95% CI 7–15 months), with a 
mPFS of 6 months. Sixteen patients experienced 
grade 4 toxicity, mainly hematological [46]. A 
modified schedule with divided dose of cisplatin 
combined with gemcitabine was also studied by 
Utkan et al. in 26 patients with epithelioid MPM 
or peritoneal mesothelioma, who received cis-
platin 35 mg/m2 and gemcitabine 800 mg/m2 on 
days 1 and 8 of a 3-week cycle, up to maximum 
6 cycles [47]. A PR was observed in 6 patients 
(23.1%) and 13 patients (50%) had SD. Median 
TTP and OS were 4 and 19.5  months, respec-
tively. Toxicity was mild. Overall, divided dose 
of cisplatin and gemcitabine appeared to be an 
active and well-tolerated regimen. The use of car-
boplatin instead of cisplatin in association with 
gemcitabine was investigated in a multicenter 
phase II study that enrolled 50 patients. A PR 
was reported in 26% of patients. Median OS was 
66 weeks with an mPFS of 40 weeks [48].

15 Role of Chemotherapy in the Management of Malignant Pleural Mesothelioma



226

Cisplatin has also been tested in mesothe-
lioma patients in combination with other older 
chemotherapeutic agents, such as anthracyclines, 
mitomycin, methotrexate, and vinblastine [49–
53]. However, no possible advantage of these 
regimens, either in terms of activity or toxic-
ity, was observed, as compared to the combina-
tions of cisplatin with pemetrexed, raltitrexed, or 
gemcitabine.

15.4  Second-Line Chemotherapy

Unfortunately, nearly all MPM patients prog-
ress during or after first-line treatment. Second- 
line chemotherapy has been increasingly used in 
clinical practice, because patients frequently still 
have a good PS at the time of disease progres-
sion. Consequently, a number of clinical studies 
have been conducted to test different regimens 
in the salvage setting, but none of them provided 
definitive results to guide decisions regarding 
second-line therapy in MPM. Therefore, the role 
of systemic treatment in MPM patients progress-
ing after the standard first-line regimens has yet 
to be proved, and the optimal regimens remain to 
be determined [11].

15.4.1  Pemetrexed Rechallenge

The role of pemetrexed in second-line setting 
was evaluated in a phase III trial where 243 
pemetrexed-naive MPM patients were randomly 

assigned to receive pemetrexed 500 mg/m2 plus 
best supportive care (BSC) every 21  days or 
BSC alone, after first-line treatment [54]. A sta-
tistical improvement in median PFS, TTP, and 
time to treatment failure (TTF) was seen in the 
pemetrexed arm. No statistically significant dif-
ference  was  detected in terms of mOS (8.4 vs. 
9.7 months for pemetrexed vs. BSC, HR 0.95), 
probably because a higher percentage of patients 
in BSC arm received chemotherapy after discon-
tinuation (51.7% vs. 28.5% in pemetrexed arm) 
and postdiscontinuation therapy was initiated 
earlier in BSC arm (4.3 vs. 15.7 months in peme-
trexed arm).

For selected patients treated upfront with 
platinum-pemetrexed-based regimen, who have 
reached a prolonged TTF, retrospective analy-
ses suggest a possible role for rechallenge with 
pemetrexed (Table  15.2). Razak et  al. reported 
a case series of four patients pretreated with 
pemetrexed/carboplatin, with an extraordinarily 
prolonged PFS after first-line chemotherapy. 
With second-line pemetrexed combined with 
carboplatin or cisplatin, one of these patients 
achieved a new PR and three had prolonged SD 
[55]. In a retrospective analysis of 17 patients 
treated in a single center, a clinical benefit was 
observed in 65% of cases. All patients were 
pretreated with platinum/pemetrexed, five 
had also received a chemotherapy with plati-
num and gemcitabine before the availability 
of pemetrexed. Retreatment consisted mainly 
of carboplatin and pemetrexed or single-agent 
pemetrexed. Toxicity was mild [56]. Bearz et al. 

Table 15.2 Retreatment with pemetrexed-based chemotherapy in MPM

Author (ref.) Study type Retreatment regimen No. of pts RR DCR (%) mTTP/PFS mOS
Razak et al. [55] Retrospective Pem/plat 4 25% 100 NR NR
Serke and Bauer 
[56]

Retrospective Pem/plat 17 NR 65 NR NR

Bearz et al. [57] Retrospective Pem 9 17% 67 5.1 m 13.6 m
Pem/plat 21

Ceresoli et al. [13] Observational Pem 15 19% 48 3.8 m 10.5 m
Pem/plat 16

Zucali et al. [58] Retrospective Pem 11 NR 71 6.2 m 10.6 m
Pem/plat 31

Pts patients, RR response rate, DCR disease control rate, m months, mTTP median time to progression, mPFS median 
progression free survival, mOS median overall survival, Pem/plat pemetrexed and platinum containing regimen, 
Pem single-agent pemetrexed
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reported results of pemetrexed rechallenge in 30 
patients from seven Italian centers in a retrospec-
tive study [57]. Mesothelioma histology was epi-
thelioid in 28 cases and mixed in 2. All patients 
received first- line chemotherapy with peme-
trexed plus a platinum compound (cisplatin 21 
and carboplatin 9), achieving PR in 15 cases and 
SD in the remaining 15. Response duration was 
at least 6 months. The rechallenge chemotherapy 
was single-agent pemetrexed in nine patients 
and combination with platinum in the remaining 
(5 with cisplatin and 16 with carboplatin). Five 
patients (16.7%) obtained a PR, 15 a SD (50%), 
and 10 progressed on rechallenge. The mTTP 
was similar between single-agent pemetrexed 
(4  months) and the combination with platinum 
(5.7 months). The mOS was 13.6 months. In an 
observational study, Ceresoli et  al. evaluated 
pemetrexed rechallenge in MPM patients that 
had progressed after at least 3 months from the 
end of first-line chemotherapy. First-line treat-
ment was pemetrexed plus carboplatin in 27 
cases or pemetrexed plus cisplatin in 4 patients 
[13]. Eighteen patients received pemetrexed 
rechallenge as second-line treatment, while the 
remaining were treated in subsequent lines, 
after therapy with vinorelbine or gemcitabine. 
Rechallenge was pemetrexed monotherapy in 15 
and combination with platinum in 16 cases. One 
patient obtained a complete response and five a 
PR. Response rate was 19% in patients retreated 
with pemetrexed alone and 48% in patients 
receiving a rechallenge combination with plati-
num. Median PFS and OS were 3.8 months and 
10.5  months, respectively. Significantly longer 
PFS and OS were observed in those patients who 
achieved a disease control longer than 12 months 
following first-line treatment. Finally, Zucali and 
colleagues reported results of a retrospective sur-
vey of second-line chemotherapy in 181 patients 
with MPM [58]. Among patients treated with 
a first-line pemetrexed-based chemotherapy, 
42 received a pemetrexed rechallenge. Patients 
retreated with pemetrexed had a better disease 
control as compared to those treated at relapse 
with different chemotherapeutic agents (70.7% 
vs. 52%, respectively). Rechallenge was peme-
trexed alone in 11 and the combination with a 

platinum compound in 31 patients. Median PFS 
(6.4 vs. 2.4 months; p = 0.003) and mOS (13.4 
vs. 4.2  months; p  <  0.001) were significantly 
longer in patients retreated with the combina-
tion of pemetrexed with platinum as compared 
to single- agent pemetrexed. However, the retro-
spective nature of this study does not allow any 
final conclusion since patients receiving combi-
nation were younger, with a better performance 
status and had obtained a better response to first-
line chemotherapy.

Although retreatment with pemetrexed-based 
chemotherapy in selected MPM patients may be 
a valuable strategy, clinicians should be aware of 
the high incidence of hypersensitivity reactions 
to carboplatin in this setting. In a small study 
on 18 patients receiving retreatment with peme-
trexed/carboplatin, 6 (33%) experienced a hyper-
sensitivity reaction to carboplatin after a median 
of 9  cycles (range 8–13) and of 18.5  months 
(range 13–45) after first carboplatin administra-
tion [59]. All adverse reactions were classified as 
grade 2 and were easily managed with steroids 
and antihistaminics; carboplatin administration 
was omitted in subsequent cycles. In case of 
retreatment after first-line pemetrexed/carbopla-
tin, single-agent pemetrexed should be consid-
ered. Alternatively, if patients are retreated with 
the same combination, premedication and desen-
sitization strategies should be implemented.

15.4.2  Vinorelbine

Unfortunately, most patients progressing after 
pemetrexed/platinum are not candidate to peme-
trexed rechallenge, and due to advanced age and 
comorbidity may be excluded from clinical trials 
of second or further-line therapy. In this contest, 
as reported in several guidelines and consensus 
papers on MPM, vinorelbine (as single agent or 
in combination with gemcitabine) may represent 
a therapeutic option in this setting (Table 15.3). 
Two different retrospective surveys, conducted 
in the phase III pemetrexed/cisplatin trial popu-
lation [65] and in a “real-world” setting [58], 
reported the use of vinorelbine as second-line 
therapy in 9.5–10.5% of treated patients.
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Single-agent vinorelbine was found to be mod-
erately active in a single center prospective phase 
II trial [60] and in several retrospective analyses 
[12, 61, 62], with RRs ranging between 0% and 
18%, and a tolerable toxicity profile. In their 
prospective study, Stebbing et  al. assessed the 
safety and efficacy of weekly vinorelbine (each 
cycle consisting of 30 mg/m2 for 6 weeks) in 63 
patients progressing during or after one previous 
line of chemotherapy, including pemetrexed and 
cisplatin. Most patients had ECOG PS of 0–1, 
and median age was 59 years. A PR was reported 
in 10 patients (16%) and SD in 43 (68%), with 
a mOS of 9.6 months (95% CIs 7.3–11.8). The 
median interval between the end of first-line che-
motherapy and the start of second-line vinorel-
bine was 6 months. Grade 3–4 neutropenia was 
observed in 55% of patients; 17% experienced 
grade 3–4 anemia. Constipation and peripheral 
neuropathy occurred in 11% and 8% of the study 
population, respectively.

Zucali et  al. retrospectively evaluated the 
activity and toxicity of vinorelbine in 59 consec-
utive pemetrexed-pretreated MPM patients, with 
predominantly epithelioid histology (89.9%) and 
a median age of 69  years (range 45–80) [61]. 
Vinorelbine, at a standard dose of 25 mg/m2 i.v. 
on days 1, 8, and every 21 days, was administered 
in second (57.6%) or further line setting (42.4%), 

for a maximum of 6 cycles. Patients included in 
this analysis were generally good responders to 
first-line treatment, with a first-line PFS longer 
than 6 months in 56% of cases and ten patients 
only (16.9%) progressing during first line. With 
vinorelbine, a PR was achieved in 9 patients 
(15%) and SD was observed in 20 patients (34%), 
with an overall control rate of 49%. Median PFS 
and OS were 2.3 and 6.2  months, respectively. 
Of note, no difference was observed in terms 
of disease control rate, PFS, and OS according 
to gender, histology, age, line of vinorelbine 
therapy, and response to first-line treatment. 
Hematologic toxicity was mild, with grade 3 or 
4 neutropenia observed in five patients (8.4%). 
No cases of febrile neutropenia were reported. 
Nonhematologic toxicity was generally mild, 
with grade 2 fatigue in 17 (28.8%) and constipa-
tion in 7 (11.8%) patients. Similarly, Zauderer and 
colleagues [12] conducted a retrospective analy-
sis of 45 MPM pretreated patients who received 
vinorelbine, in second (53.3%), or further line 
(46.7%), at 25 mg/m2 i.v. on days 1 and 8  in a 
3-week cycle. Eighty percent of patients were pre-
viously treated with a combination of  pemetrexed 
and a platinum compound, 47% underwent sur-
gery, and 31% radiation therapy. Median age was 
66 years (range 41–85) and histology was epithe-
lioid in 67%, sarcomatoid in 18%, and biphasic 

Table 15.3 Vinorelbine-based chemotherapy as second and beyond line therapy in MPM

Author (ref.) Study design Regimen
No. of 
pts Setting

RR 
(%) DCR

mTTP/
PFS

mOS 
(m)

Stebbing et al. 
[60]

Prospective, 
phase II

VNR i.v. 63 Second line 16 84% NR 9.6

Zucali et al. [61] Retrospective VNR i.v. 59 58% second 
line

13 49% 2.3 m 6.2

42% third line
Zauderer et al. 
[12]

Retrospective VNR i.v. 45 53% second 
line

0 25% 2.5 m 5

46% third line
Sørensen et al. 
[62]

 Retrospective VNR or 15 Second line 7 NR 2.3 m 2.5

Zucali et al. [63] Prospective/
observational

GEM/VNR 
i.v.

30 Second line 10 43% 2.8 m 10.9

Toyokawa et al. 
[64]

Retrospective GEM/VNR 
i.v.

17 82% second 
line

18 82% 6.0 m 11.2

18% third line

Pts patients, RR response rate, DCR disease control rate, m months, TTP time to progression, mPFS median progression 
free survival, mOS median overall survival, VNR vinorelbine, GEM gemcitabine, i.v. intravenous, or oral
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in 16% of patients. Responses were evaluated 
according to modified RECIST criteria by a 
blinded radiologist, and no complete or partial 
response were reported; SD was achieved in 20 
cases (43%). Median PFS and OS were 1.7 and 
5.4 months, respectively. Consistently with other 
reported studies, the toxicity profile of this regi-
men was acceptable. Grade 3–4 neutropenia was 
reported in 16% and neutropenic fever in three 
patients (7%). Six patients (13%) discontinued 
vinorelbine due to toxicity.

Vinorelbine is also available as an oral com-
pound, which may be more convenient in the pal-
liative setting, mainly for pretreated and elderly 
patients. Oral vinorelbine in second-line treatment 
of MPM patient was evaluated in a small prospec-
tive study by Sørensen and colleagues [62]. Oral 
vinorelbine was administered at 80 mg/mq day 1 
and 8 every 3 weeks in 15 patients with poor prog-
nostic characteristics (nonepithelioid histology in 
47% and ECOG PS 2 in 33% of patients) and a 
median age of 69  years (range 42–73). PR was 
achieved in one patient (7%), mPFS was 2.3 and 
mOS 4.5 months. Grade 4 leukopenia and throm-
bocytopenia were registered in 20% and 7% of 
patients, with three cases of febrile neutropenia. 
One toxic death was reported. A phase Ia/Ib trial, 
designed to confirm safety and evaluate efficacy 
of a metronomic oral vinorelbine schedule, was 
designed in a cohort of pretreated MPM patients, 
but no result has been reported so far [66].

15.4.3  Gemcitabine

Single-agent gemcitabine showed modest activ-
ity in chemonaïve MPM patients in early trials, 
with RRs ranging from 7 to 31% [67, 68]. Based 
on these results, a few studies have investigated 
the efficacy of second-line gemcitabine-based 
chemotherapy regimens.

In a retrospective multicenter survey in 
Italian MPM patients [58], single-agent gem-
citabine was the most used second-line treat-
ment in pemetrexed-pretreated cases (10.5%). 
A French retrospective study [69] reported a 
mOS of 12.2  months for second-line chemo-
therapy using gemcitabine alone or with oxali-

platin or pemetrexed in pemetrexed-pretreated 
patients with MPM. Xhantopoulos et al. reported 
a mOS of 24.3  weeks for the combination of 
gemcitabine plus oxaliplatin in the same popu-
lation [70]. Furthermore, the efficacy of second- 
line gemcitabine plus docetaxel was evaluated 
in a single institution phase II trial with a mOS 
of 16.2 months [71]. In a study by Pasello and 
colleagues [72] patients were pretreated with 
cisplatin/pemetrexed or carboplatin/peme-
trexed; most had been previously submitted to 
surgery in a multimodality treatment setting. 
Chemotherapy was gemcitabine associated 
with the alternative platinum compound with 
respect to first line, for 3–6  cycles. Response 
was assessable in 15 patients; 10 (67%) showed 
SD.  Symptoms improved in 8 (53%) cases. In 
the intent-to-treat population mOS was 28 weeks 
and mTTF 15  weeks. Observed toxicities were 
grade 3–4 thrombocytopenia in 53%, grade 3 
anemia in 20%, and grade 3 neutropenia in 40% 
of patients. Grade 3 nausea (14%) and asthenia 
(21%) were the main nonhematological adverse 
events. Finally, the result of a retrospective 
study investigating the efficacy of second-line 
gemcitabine-based chemotherapy in 73 MPM 
patients progressing after first-line pemetrexed- 
based combination were reported by Mutlu and 
colleagues [73]. Median OS values for patients 
treated with first-line pemetrexed-based regimens 
plus second-line gemcitabine, evaluated from ini-
tial diagnosis, was 20.8 months (17.5–24.1).

Therefore, based on these results and on the 
good toxicity profile of gemcitabine, despite the 
lack of solid literature data, single-agent gem-
citabine may be considered as an alternative 
second-line chemotherapy in MPM patients pro-
gressing after platinum-pemetrexed.

15.4.4  Vinorelbine Plus Gemcitabine

Considering the results of vinorelbine in the first- 
and second-line setting of MPM patients, the 
modest but not negligible effect of gemcitabine 
in pretreated cases, and the good safety profile 
of both drugs, the doublet of gemcitabine and 
vinorelbine was explored.
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In a prospective trial, 30 consecutive MPM 
patients pretreated with one chemotherapy 
regimen containing pemetrexed alone or com-
bined with a platinum-derivative were enrolled 
[63]. Gemcitabine at the dose of 1000  mg/
m2 and vinorelbine at the dose of 25  mg/m2 
were administered i.v. on days 1, 8, and every 
21  days, for a maximum of 6 cycles or until 
progression or unacceptable toxicity. Median 
patient age was 66 years (range 46–85 years). 
Most patients had an ECOG PS 1 (83%) 
and epithelioid subtype (70%). A PR was 
achieved in 3 patients (10%), and 10 patients 
(33%) had SD.  Overall, disease control rate 
was 43%. The mTTP was 2.8  months (range, 
0.6–12.1  months), and mOS was 10.9  months 
(range, 0.8–25.3 months). Hematologic toxicity 
was acceptable, with grade 3 or 4 neutropenia 
occurring in 11% of patients and thrombocyto-
penia in 4%; no case of febrile neutropenia was 
observed. Nonhematologic toxicity generally 
was mild. Disease progression during first-line 
therapy and a shorter interval from completion 
of first-line treatment were correlated to shorter 
TTP and OS after the study therapy. Toyokawa 
et  al. retrospectively evaluated 17 consecutive 
Japanese patients pretreated with at least one 
regimen of platinum plus pemetrexed chemo-
therapy, receiving gemcitabine 1000  mg/m2 
plus vinorelbine 25  mg/m2 on days 1 and 8 
every 3 weeks as second or further line therapy 
[64]. PR and disease control rate were 18% and 
82%, respectively. Median PFS was 6.0 months, 
whereas mOS was 11.2 months. Grade 3–4 neu-
tropenia and anemia were observed in 41% and 
29% of patients, respectively, and one patient 
experienced febrile neutropenia. Grade 3–4 
nonhematologic toxicities included constipa-
tion (6%) and phlebitis (6%).

Based on these results, with the limitation 
of the small number of patients treated with 
this regimen, treatment with the combination 
of gemcitabine and vinorelbine does not seem 
to offer any potential advantage as compared 
to single- agent vinorelbine or gemcitabine, 
at the expense of increased toxicity, mainly 
hematological.

15.5  Conclusion

Cytotoxic chemotherapy represents the only 
therapeutic option with a proven survival 
benefit in patients with MPM.  Following the 
results of two large phase III trial, the combi-
nation of cisplatin and antimetabolites (peme-
trexed or raltitrexed) has been established as 
the standard of care for unresectable MPM. For 
elderly patient or for patients unfit to receive 
this doublet, schedules with carboplatin have 
been explored, with similar outcomes. Despite 
extensive efforts in the last decades, no stan-
dard treatment is available after progression on 
platinum-containing regimens. In second-line 
setting, if clinical trials are not available, single-
agent therapy with vinorelbine or gemcitabine 
should be considered. Alternatively, patients 
achieving a prolonged benefit from first- line 
pemetrexed-platinum treatment should be can-
didate to rechallenge with pemetrexed.
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16.1  Introduction

Malignant pleural mesothelioma (MPM) is an 
aggressive cancer issued from pleural mesothe-
lial cells, usually associated with previous asbes-
tos exposure. Although MPM is considered as a 
rare cancer, its incidence is still increasing in 
many Western countries, and it is not expected to 
peak before the 2020s. Moreover, asbestos is still 
not banned worldwide (Russia, Kazakhstan, 
India, China…) and a pandemic of asbestos- 
related cancers can be feared in the next decades, 
according to the 2013 WHO predictions [1–3].

The management of MPM is tricky due to the 
limited therapeutic options and the frequent failure 
or early relapse of patients under chemotherapy. 
Very few patients are potential candidates to “radi-
cal” surgery and multimodal treatment [4]. First-
line chemotherapy by antifolate, pemetrexed, and 
platinum (cisplatin or carboplatin) (Cis/Pem or 
Carbo/Pem) has been already the international 
standard of care for the last 15  years [4–9]. 
However, based on phase III randomized trial data 
[10] and data later obtained from control arms in 
other trials, the median overall survival (mOS) 

with pemetrexed/platinum (P/P) does not exceed 
16 months, with the best outcome in patients with 
epithelioïd MPM subtype. Finally, there is no rec-
ommended treatment after failure of frontline che-
motherapy [4–6] even if anti-PD-1 ± anti-CTLA-4 
antibodies were recently proposed following the 
exciting results of the IFCT MAPS-2 trial assess-
ing Nivolumab  ±  Ipilimumab as the second of 
third- line treatment in this setting [11]. Usual 
second- line or beyond chemotherapy drugs, such 
as vinorelbine or gemcitabine, did very poorly in 
the literature [12] with mOS not exceeding 
6 months. Thus, innovative treatments are urgently 
needed for MPM patients. After promising results 
in non-small cell lung cancer, strategies involving 
therapies targeting tumor angiogenesis were 
assessed in MPM [13].

Tumor (neo)angiogenesis, a process of forma-
tion and maintenance of (neo)vessels, is crucial for 
tumor growth and spreading, as suggested by 
Folkman in 1971 [14]. Its start (angiogenic switch) 
and its development are regulated by various sig-
naling proteins including mainly vascular endo-
thelial growth factor (VEGF), released by various 
cell types including tumor cells, interacting with 
its receptor (VEGFR). The VEGF family includes 
three receptors (VEGFR-1, VEGFR-2, and 
VEGFR-3) and five ligands (VEGF-A, VEGF-B, 
VEGF-C, VEGF-D, and placental growth factor). 
VEGFR-2 is the main regulator of angiogenesis 
and is activated by VEGF-A [15]. Hypoxia is the 
main stimulus of angiogenic switch, regulating 
angiogenesis by the hypoxia-inducible factor-1 
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(HIF-1). HIF-1 is induced by various signals and 
an adaptive response to the stress. In the light of 
recent major data of antitumor immunotherapies, 
it is of high importance to remind that hypoxia 
may be responsible for tumor angiogenesis but 
also for some immunosuppressive effects directly 
on effector T cells or indirectly on myeloid cells, 
and promoting PD-L1 expression on tumor cells 
[16, 17].

Angiogenesis plays an important role in malig-
nant mesothelioma. In a mouse model, intraperi-
toneal injection of crocidolite asbestos fibers was 
found to be involved in peritoneal mesothelioma 
with the formation of neovessels surrounding 
asbestos fibers as soon as 2  weeks after their 
injection, underlining angiogenesis as one of the 
earliest events in mesothelioma pathogenesis. 
Moreover, malignant mesothelioma cell lines pro-
duce and release high amounts of proangiogenic 
factors (VEGF…) compared to the normal meso-
thelial cells and fibroblasts. MPM cells express 
VEGFR-1 and VEGFR-2 at their surface. The 
blockade of VEGFRs with monoclonal antibodies 

inhibits mesothelioma cell growth. Thus, VEGF 
promotes tumor angiogenesis, but is also an auto-
crine and paracrine growth factor for MPM cells. 
Tumor samples from MPM patients exhibited 
elevated expression of proangiogenic factors such 
as VEGF (as well as VEGF receptors), platelet-
derived growth factor (PDGF), and fibrocyte 
growth factors (FGF)-1 and FGF-2 [18], corre-
lated with increased intratumoral microvessel 
density and worse patient survival [18–21].

Different drugs have been proposed to target 
angiogenesis. The anti-VEGF-A monoclonal 
antibody, bevacizumab, was first approved in 
2004 by the United States Food and Drug 
Administration (FDA). Several antiangiogenic 
molecules have been developed, including tyro-
sine kinase inhibitors (TKI, targeting VEGFR-2, 
and other pathways), such as sorafenib, sunitinib, 
pazopanib, axitinib, vandetanib, regorafenib, and 
lenvatinib [22], or even the VEGFR-2 inhibitor, 
cediranib.

The different mechanisms of VEGF inhibition 
are depicted in Fig. 16.1.

Tumor neovessels (bad quality and
abnormal high permeability)

Tumor
Angiogenesis

Release
of VEGF

Membrane of
MPM cell and
endothelial cell 

Anti-VEGF antibody
(Bevacizumab) 

Y Y Y
VEGF-R PDGF-R FGF-R

TKI

Cancer cell
proliferation 

Promotion
of

Angiogenesis

Abbreviations: VEGF(R): Vascular Endothelial Growth Factor (Receptor), FGF(R): Fibroblast Growth Factor (Receptor), PDGF(R):
Platelet-derived Growth Factor (Receptor), TKI: Tyrosine Kinase Inhibitor.

Fig. 16.1 Simplified scheme of antiangiogenic drugs 
(+ICI?) in malignant pleural mesothelioma. VEGF(R) 
vascular endothelial growth factor (receptor), FGF(R) 

fibroblast growth factor (receptor), PDGF(R) platelet- 
derived growth factor (receptor), TKI tyrosine kinase 
inhibitor
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Thus, several antiangiogenic agents have been 
assessed in MPM patients, alone or in combina-
tion with standard first-line chemotherapy (Cis/
Pem or Carbo/Pem), and/or as maintenance treat-
ment. The main results of these drugs are sum-
marized in Table 16.1 [15, 23].

16.1.1  Anti-VEGF Antibody/
Bevacizumab

Bevacizumab is a recombinant humanized mono-
clonal immunoglobulin antibody against 
VEGF-A ligand. It is presently approved for use 
in different metastatic cancers, combined with 
chemotherapy, including cervical, colorectal, 
non-small cell lung cancer (nonsquamous histo-
logic subtypes for NSCLC), ovarian, fallopian 
tube, primary peritoneal, and renal cell carcino-
mas. Bevacizumab is also approved as a mono-
therapy in the treatment of refractory 
glioblastoma.

Bevacizumab (15 mg/m2 every 21 days) was 
initially assessed in a phase II trial in MPM 
patients, previously treated with systemic chemo-
therapy, in combination with erlotinib, an oral 
EGFR tyrosine kinase inhibitor (150  mg daily) 
[33]. The trial was negative with only half of the 
patients (12 out of 24) achieving stable disease 
(SD), without any objective response observed. 
The median time to progression (TTP) was 
2.2 months, and the median OS was 5.8 months. 
The efficacy of bevacizumab-based combina-
tions across trials in MPM is summarized in 
Table 16.1 [15, 23, 34].

Bevacizumab was tested in combination with 
first-line chemotherapy in a randomized, double- 
blind, placebo-controlled phase II trial [35]. 
Patients (n = 115) had gemcitabine (1250 mg/m2; 
days 1 and 8) plus cisplatin (75 mg/m2; day 1) 
with bevacizumab (15 mg/m2; day 1) or placebo 
every 21  days. There was no benefit in bevaci-
zumab arm vs. placebo arm in terms of response 
rate (RR; 24.5% vs. 21.8%), median progression- 
free survival (mPFS; 6.9 vs. 6.0  months, 
p  =  0.88), or mOS (15.6 vs. 14.7  months, 
p  =  0.91), respectively. Pretreatment plasma 
VEGF level had no predictive value but a 
 prognostic value was found: higher baseline 

plasma VEGF levels were associated with a 
worse outcome (PFS and OS). However, a large 
number of patients received second-line peme-
trexed in the placebo arm, likely decreasing the 
potential difference of mOS between the two 
arms. Moreover, gemcitabine/cisplatin is not cur-
rently the optimal standard first-line chemother-
apy in MPM, nor the best combination with 
bevacizumab as already described in NSCLC 
[13, 36], and due to a potential negative interac-
tion between gemcitabine and bevacizumab. In 
fact, preclinical studies have demonstrated that 
some chemotherapy drugs (such as paclitaxel, for 
example) induce angiogenesis by mobilization of 
circulating endothelial cells, enhancing bevaci-
zumab effect [37].

Thus, bevacizumab was evaluated in combina-
tion with first-line Carbo/Pem in a non- 
comparative, phase II trial in unresectable MPM 
patients [38]. Patients were treated for a maxi-
mum of six cycles or until progressive disease 
(PD) and, in the absence of PD, were continued 
on maintenance bevacizumab for a maximum of 
1  year. RR was 34.2% in the 76 evaluable 
patients; stable disease (SD) was observed in 
57.9% of patients (disease control rate, DCR of 
92.1%). The trial was negative with a short mPFS 
(6.9  months) and a quite deceptive mOS 
(15.3 months).

In another non-comparative, phase II trial, the 
combination of Cis/Pem and bevacizumab was 
tested in 53 patients with chemotherapy-naïve 
unresectable malignant pleural and peritoneal 
mesothelioma [39]. The tolerance was accept-
able. PR and SD were noted in 40% and 35% of 
patients, respectively. This trial failed to meet its 
primary endpoint of a 33% improvement in the 
PFS rate at 6 months, as compared with the his-
torical control of cisplatin and pemetrexed alone. 
In an unplanned post hoc analysis restricted to 44 
patients with MPM, the PFS rate at 6 months was 
52%, and an objective RR of 35% and an mOS of 
14.1 months were found.

Finally, a large randomized phase III “IFCT 
MAPS” clinical trial tested the value of the com-
bination of bevacizumab to Cis/Pem doublet 
(plus vitamins, up to six cycles) as first-line treat-
ment, followed by maintenance by bevacizumab 
in nonprogressive patients versus chemotherapy 

16 Targeting Angiogenesis in Malignant Pleural Mesothelioma
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alone as control arm [24]. These 448 chemo- 
naïve patients were 18–77 years old, ECOG PS 
0–2 without significant cardiovascular comorbid-
ity and/or other usual chemotherapy or bevaci-
zumab contraindications (uncontrolled HTA, 
gastrointestinal perforation…), with unresectable 
MPM, proved by pleural biopsies (thoracos-
copy…), and with at least one evaluable or mea-
surable lesion by CT scan. The primary endpoint, 
mOS, was significantly longer in the bevaci-
zumab arm vs. the control arm: 18.82 vs. 
16.07 months, respectively (HR = 0.67; 95% CI 
[0.61–0.94]; p  =  0.015). Median PFS was also 
significantly increased by 2  months in favor of 
the bevacizumab arm: 9.59 vs. 7.48  months 
(HR  =  0.61; 95% CI [0.50–0.75]; p  <  0.0001). 
The patients had only a mild and manageable 
increase of toxicity and no negative impact on 
quality of life in the bevacizumab arm compared 
to the control arm [40]. Overall, 158 (71%) out of 
222 patients given PCB and 139 (62%) out of 224 
patients given PC had grade 3–4 adverse events. 
It was observed more grade 3 or higher hyperten-
sion (51 [23%] of 222 vs. 0) and thrombotic 
events (13 [6%] of 222 vs. 2 [1%] of 224) with 
PCB than with PC. Thus, this study suggested a 
new standard of care for unresectable MPM 
patients eligible for bevacizumab, as validated by 
some US [8, 9] and French guidelines for MPM 
management. However, to date, bevacizumab did 
not receive FDA or EMA approvals in MPM—
the MAPS trial being not designed as a registra-
tion trial. It is still unclear why the MAPS trial 
succeeded where previous trials failed to show 
any survival benefit. Unfortunately, to date, there 
is no good predictive biomarker for antiangio-
genic drugs in any cancer, which could help in 
selecting the good candidates, and to explain 
potential selection advantages. It is possible that 
the large size and the design of this phase III trial 
had the power to demonstrate the value of the 
combination of Cis/Pem and bevacizumab com-
pared to previous smaller trials.

Several trials, summarized in Table 16.1, also 
evaluated different antiangiogenic TKI in 
MPM.  Axitinib, an anti-VEGFR TKI, failed to 
improve mOS and PFS in combination with Cis/
Pem vs. chemotherapy alone despite a positive 

signal for objective response rate (ORR) [26]. 
Similarly, all studies assessing sorafenib (target-
ing VEGFR2/3, PDGFR, and Raf/c-kit TKI) 
given combined with first-line chemotherapy or 
beyond first-line treatment [30, 31], or using ima-
tinib mesylate (targeting Bcr-abl, c-kit, and 
PDGFR) [32] were negative.

Nintedanib is an antiangiogenic kinase inhibi-
tor, targeting VEGFR 1–3, PDGFR α/β, FGFR 
(fibroblast growth factor receptor) 1–3, Src, and 
Abl kinases pathways. A randomized phase II 
trial [29] showed promising results in 87 patients 
treated by Cis/Pem combined with nintedanib or 
placebo for up to six cycles, followed by ninte-
danib or placebo in nonprogressive patients, till 
unacceptable toxicity or PD. The patients exhib-
ited with manageable toxicity and a significant 
improvement in the nintedanib arm vs. placebo 
arm in mPFS (9.7 vs. 5.7 months, respectively) 
(HR = 0.54; 95% CI 0.33–0.87; p = 0.010) and in 
mOS (20.6 vs. 15.2  months, respectively) 
(HR  =  0.77; 95% CI 0.46–1.29; p  =  0.319). 
Therefore, nintedanib was assessed in a random-
ized phase III trial vs. placebo, again both in con-
junction with first-line Cis/Pem, but in epithelioïd 
MPM patients (n  =  229  ×  2) only as the most 
striking results were observed in epithelioïd 
MPM subtype. Unfortunately, the results of this 
trial recently presented by Scagliotti et al. at 2018 
WCLC meeting were negative with no difference 
in mPFS between nintedanib and placebo arms: 
6.8 vs. 7.0 months, respectively (HR = 1.01; 95% 
CI: 0.79–1.30; p = 0.91). In the interim OS analy-
sis (28% of events), mOS was 14.4 vs. 
16.1 months, respectively (HR = 1.12; 95% CI: 
0.79–1.58; p = 0.54). There were no unexpected 
toxicities. It is not known yet if these negative 
results will stop the other trials in MPM includ-
ing nintedanib such as the nintedanib as 
Maintenance Treatment of MPM (NEMO), a ran-
domized double-blinded phase II trial of the 
EORTC Lung Cancer Group in nonprogressive 
patients after first-line platinum-pemetrexed che-
motherapy for 4–6 cycles (NCT02863055) or a 
US phase II trial of nintedanib in recurrent MPM 
patients (NCT02568449).

In a phase I trial (SWOG 0905; n = 20), cedi-
ranib (a drug targeting VEGFR and PDGFR) was 
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tested with Cis/Pem for safety [27]. This small 
early-phase trial found results consistent with 
those observed with bevacizumab or nintedanib 
trials: ORR 63%, mPFS of 8.6 months (95% CI: 
6.1–10.9), and mOS of 16.2  months (95% CI: 
10.5–28.7) [27]. At ASCO 2018 meeting, the 
investigators reported the results of a phase II 
randomized trial assessing the efficacy of Cis/
Pem for six cycles with placebo or cediranib 
(20 mg daily) followed by cediranib or placebo 
maintenance in nonprogressive patients [28]. 
They recruited 92 eligible, unresectable, chemo- 
naïve MPM patients of different histologic sub-
types (75% epithelioid and 25% biphasic or 
sarcomatoid histology). The tolerance in the 
cediranib arm was questionable with more grade 
3–4 diarrhea, dehydration, hypertension, and 
weight loss compared to placebo arm. Moreover, 
the primary endpoint, mPFS by RECIST 1.1 cri-
teria, was not improved in the cediranib arm vs. 
placebo arm (7.2 vs. 5.6  months, respectively; 
HR = 0.71, p = 0.062), or even assessed by modi-
fied RECIST 1.1 criteria (6.9 vs. 5.6  months, 
HR = 0.77, p = 0.12). Finally, the mOS was not 
significantly improved with cediranib vs. placebo 
arm (10 vs. 8.5 months, HR = 0.88; p = 0.28). In 
terms of efficacy, cediranib significantly 
increased RR by modified RECIST 1.1 criteria 
vs. placebo (50% vs. 20%, p = 0.006) but not by 
RECIST 1.1 criteria (26% vs. 15%, p = 0.15). In 
conclusion, the toxicity profile of cediranib and 
its nonsignificant survival benefit precludes fur-
ther research in MPM.

Thalidomide was first developed in the 1950s 
to treat morning sickness in pregnant women, 
leading to a terrible man-made medical disaster 
with more than 10, 000 children born with various 
severe and debilitating malformations [41]. Thus, 
thalidomide was withdrawn from the market as 
an antiemetic drug in the 1960s but then it has 
evolved to treat cutaneous manifestations of ery-
thema nodosum leprosum and has shown anti-
neoplastic properties by the inhibition of tumor 
angiogenesis and cell proliferation through 
immunomodulatory effects. Therefore, thalido-
mide was assessed in different cancers in clinical 
trials, leading to its approval for the treatment of 
multiple myeloma. In MPM, thalidomide was 

evaluated in clinical trials without prior preclini-
cal significant data. Despite encouraging results 
in a phase II trial with 28% disease stabilization 
at 6 months observed with thalidomide as single 
agent in previously treated MPM patients [42], a 
phase III randomized trial did not find any sur-
vival benefit for thalidomide as maintenance 
therapy after first-line chemotherapy by Cis/Pem 
[25], with mOS of 10.6  months in the thalido-
mide arm vs. 12.9 months in the best supportive 
care (BSC) group (HR 1.2, p = 0.21).

Finally, there are three exciting trials of com-
binations of ICI with antiangiogenic drugs, based 
on the strong preclinical rationale that anti-VEGF 
(bevacizumab) or a drug targeting VEGFR, 
FGFR, and PDGFR such as nintedanib may have 
additional or synergistic effect when combined 
with anti-PD-L1 (Atezolizumab) or anti-PD-1 
(Pembrolizumab) antibodies to stimulate antitu-
mor immunity [43, 44]. Thus, there are two ongo-
ing early-phase trials assessing the association of 
bevacizumab plus atezolizumab in the MD 
Anderson (USA) or of nintedanib plus pembroli-
zumab in France. Other trials are planned with 
bevacizumab plus atezolizumab alone in PD-L1+ 
relapsing mesothelioma in UK (Mesothelioma 
Stratified Therapy (MiST) trial; NCT03654833), 
or in combination with first-line Carbo/Pem 
(4–6 cycles) by the ETOP (randomized phase III 
BEAT-meso trial; EudraCT n° 2018–002180-25), 
similarly to the recent positive randomized phase 
III trial in NSCLC, IMpower 150 [45].

16.2  Conclusion

Before 2016, no significant improvement was 
observed with antiangiogenic drugs in the treat-
ment of MPM patients. The MAPS trial estab-
lished in different major guidelines the anti-VEGF 
bevacizumab as a standard first-line treatment in 
combination with Cis/Pem chemotherapy in unre-
sectable MPM patients without contraindications 
for this drug. The rise of the immune checkpoint 
inhibitors (ICI) may challenge this new standard 
in the future. Or alternatively, ICI such as anti-
PD-1 or anti-PD-L1 antibodies may have syner-
gistic or additional effect when  combined with 
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anti-“angiogenic” molecules. In fact, these drugs 
targeting VEGF pathway and other growth factors 
pathways have potentially both antiangiogenic 
and pro-immunogenic effects against the tumors 
as already proved in NSCLC or kidney cancers. 
Thus, targeting angiogenesis is still promising in 
MPM patients despite several negative trials with 
several drugs of this class.
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Targeted Therapies 
in Mesothelioma

Loredana Urso and Giulia Pasello

17.1  Introduction

Malignant Pleural Mesothelioma (MPM) is fatal 
disease characterized by chemoresistance and 
poor prognosis [1]. Since 2003, when a platinum- 
based chemotherapy plus pemetrexed was intro-
duced as standard first-line therapy [2], no 
significant improvements in MPM management 
have been done. To date, no indications for 
second- line therapies after first-line failure are 
available [3]. In the last years, many efforts have 
been directed to the identification of anticancer 
therapies able to target tumor-related molecular 
changes. Targeted therapies may improve cancer 
management in terms of both patients’ prognosis 
and quality of life, because of the higher specific-
ity and the lower toxicity profile compared to 
most cytotoxic drugs. The identification of key 
molecular targets in MPM represents a hard chal-
lenge because MPM pathogenesis is not com-
pletely known. This neoplasia is characterized by 
low mutational load, but recurrent somatic muta-
tions in tumor suppressor genes [4]. Moreover, 
the three histologic subtypes are characterized by 
different biological and clinical behaviors, 
increasing the need to develop personalized ther-

apeutic approaches. Here, we focus on potential 
molecular targets and specific targeted therapies 
under clinical investigation in MPM.

17.1.1  NF2/Merlin

NF2 is a tumor suppressor gene frequently altered 
in MPM [5–7]. Recent studies performed in a 
large series of MPM specimens using high- 
throughput technologies (whole-exome sequenc-
ing, RNA-seq) confirmed high frequency of NF2 
alteration including mutations and copy number 
variations [8–10]. Of note, sarcomatoid subtypes 
carried higher rate of NF2 mutation compared to 
epithelioid ones [9].

NF2 gene encodes for merlin protein, a tumor 
suppressor blocking several signal transduction 
pathways involved in cell proliferation, survival, 
and metabolism. Wild-type merlin is regulated 
by post-translational modifications defining its 
conformational status and activity. It is inacti-
vated through the phosphorylation at Serine 518 
by cAMP-dependent kinase (PKA) and activated 
by the myosin phosphatase MYPT1-PP1 [11]. 
As a consequence, deregulation of merlin can 
occur in the absence of NF2 gene mutation [12]. 
Indeed, mRNA overexpression of CPI-17 (phos-
phatase inhibitor of 17 kDa), a cellular inhibitor 
of MYPT1-PP1, has been detected in mesothe-
lioma tumor samples carried wild-type NF2, 
suggesting that merlin is completely inactivated 
in MPM [13].
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17.1.1.1  NF2/Merlin and Hippo 
Pathway

Merlin controls cell proliferation and viability 
through the regulation of the Hippo pathway, a 
signal transduction cascade including the pro-
teins: MST1/2 Kinases (Mammalian STE20-like 
protein kinase 1/2), MST1/2 coactivator 
SAV1(Salvador1), LATS1/2 Kinases (Large 
Tumor Suppressor Kinases 1/2), and LATS1/2 
coactivator MOB1 (Mps one-binder l) [14]. 
Merlin-dependent activation of the Hippo path-
way results in the phosphorylation and inactiva-
tion of YAP (Yes associated protein), a cofactor 
essential for TEAD (TEA domain family mem-
ber) transcriptional activity. YAP/TEAD complex 
activates the transcription of genes involved in 
cell proliferation, cell growth, and inhibition of 
apoptosis [15] (Fig. 17.1). In MPM, Hippo path-
way deregulation seems to be related mainly to 
merlin loss of function [16, 17], although con-
comitant mutations of NF2 and LATS2 genes 
have been reported [9, 18]. Immunohistochemistry 

analysis performed on MPM cell lines and tumor 
tissues revealed strong nuclear localization of 
YAP in a high percentage of samples [16, 19, 20] 
and YAP knockdown in MPM cells resulted in 
the inhibition of cell growth, motility, and inva-
sive abilities [21]. Altogether, these observations 
highlight the strong link existing between YAP 
hyper-activation and MPM uncontrolled growth, 
suggesting that YAP may be a potential candidate 
for MPM-targeted therapies. A drug screening 
performed using the Johns Hopkins library iden-
tified the small-molecule Verteporfin (VP) 
(Visudyne, Novartis) as a YAP inhibitor [22]. VP 
is an FDA (Food and Drug Administration)-
approved photosensitizer drug used for the treat-
ment of neovascular macular degeneration. In 
addition to its photosensitizer properties, VP has 
light-independent ability in inducing YAP con-
formational change and in blocking YAP/TEAD 
interaction [23]. The potential of VP as antican-
cer drug is under investigation in phase I/II clini-
cal trials in different human cancers, including 
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P
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LATS1/2

Merlin Loss of Merlin
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CRL4DCAF1

Fig. 17.1 Merlin regulates Hippo pathway activation. 
Merlin blocks TEAD transcriptional activity (left panel): 
following growth arrest signals, merlin recruits LATS1/2 
and MOB1  in the cytoplasm at the membrane level. 
MST1/2 phosphorylates LATS1/2 and MOB1 activating 
LATS1/2 that, in turn, phosphorylates YAP; phospho-YAP 
binds 14-3-3 and is retained into the cytoplasm. Into the 
nucleus, merlin inhibits CRL4 DCAF1, the E3 ubiquitin 
ligase implied in LATS1/2 degradation. Loss of merlin 

(right panel) results in YAP/TEAD association and activa-
tion of transcription. Verteporfin induces YAP conforma-
tional change inhibiting YAP/TEAD interaction. LATS 
Large Tumor Suppressor Kinases 1/2, MOB Mps one- 
binder l, MST 1/2 Mammalian STE20-like protein 
kinase1/2, SAV salvador, YAP Yes-associated protein, 
TEAD TEA domain family member, CRL4 cullin4A- 
RING E3 ubiquitin ligase, DCAF1 DDB1- and CUL4- 
associated factor1, VP Verteporfin
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breast and pancreatic cancers, brain tumors, and 
pleural malignancies (www.clinicaltrials.gov, 
NCT02939274, NCT03067051, NCT00002647; 
NCT02702700). As regard MPM, encouraging 
results have been obtained in in  vitro studies 
demonstrating VP-dependent reduction of cell 
proliferation, cell viability, and cell invasion in 
MPM cell lines [18, 20].

17.1.1.2  NF2/Merlin and mTOR 
Pathway

PI3K-AKT-mTOR is a signal transduction path-
way involved in cell proliferation, protein synthe-
sis, glucose metabolism, apoptosis resistance, 
angiogenesis, and invasion. Activation of PI3K- 
AKT- mTOR passes through RTKs (Tyrosine 
Kinase Receptors) activation or G-Protein 
Coupled Receptors (GPCRs)-dependent RAS 
induction [24]. mTOR (mammalian target of 
rapamycin) is a serine/threonine kinase included 
in two protein complexes: the rapamycin- 
sensitive mTORC1 (mammalian target of 
rapamycin complex 1) and the rapamycin- 
insensitive mTORC2. mTORC1 induces mRNA 
translation, protein synthesis, and nucleotide pro-
duction and negatively regulates autophagy and 
mTORC2 [25]; mTORC2 regulates protein 
kinases activity including AKT [26]. 
Physiological inhibitors of PI3K-AKT-mTOR 
pathway are the phosphatase and tensin homolog 
PTEN and merlin [27] (Fig. 17.2).

Aberrant activation of PI3K/AKT/mTOR 
pathway is a hallmark of many cancers including 
MPM [28, 29]. In MPM, recurrent NF2 muta-
tions [8–10], loss of PTEN [30], or gain of func-
tion mutations of PI3K or AKT [8] are reported 
to be responsible for mTOR pathway activation. 
In recent years, rapamycin or rapamycin-derived 
(rapalog) inhibitors have been used to inhibit 
mTORC1; among them, the most studied 
were sirolimus (rapamycin), temsirolimus (CCI-
779), and everolimus (RAD001, Novartis 
Pharmaceuticals). Preclinical studies strongly 
encouraged the use of rapalogs in MPM. Indeed, 
Lopez-Lagos et al. [31] demonstrated that merlin 
null cells showed mTORC1 activation and higher 
sensitivity to rapamycin treatment compared to 
merlin-expressing cells. Moreover, Pignochino 

and coworkers observed anticancer activity of 
everolimus in MPM cell lines and mouse 
 xenograft models. Of note, everolimus strongly 
synergized with sorafenib (a multi-kinase 
 inhibitor) [32]. Unfortunately, phase II trials 
evaluating everolimus activity in unselected MPM 
patients (www.clinicaltrials.gov; NCT00770120; 
NCT01024946) showed no clinical efficacy [33]. 
Probably, the lack of efficacy of everolimus- 
based therapy in MPM was due to the wide spec-
trum of PI3K/AKT activities as well as the loss of 
mTORC1 negative regulation of mTORC2. To 
overcome low efficacy of mTORC1 inhibitors, 
the dual PI3K and mTORC1/2 inhibitor apitolisib 
(Genentech) was assessed in clinical trials. 
Although the promising response rate of MPM 
patients is in phase I trial (www.clinicaltrials.gov, 
NCT00854152; [34]), the drug revealed high tox-
icity profile in metastatic renal cell carcinoma 
phase II trials (www.clinicaltrials.gov, 
NCT01442090; [35] (Table  17.1). Encouraging 
results were obtained with another AKT inhibi-
tor: Afuresertib (Novartis, Pharmaceuticals). In 
vitro preclinical study demonstrated that afure-
sertib strongly inhibited cell growth and clono-
genic activity of MPM cell lines, induced cell 
cycle arrest, and acted in cooperation with cispla-
tin in inducing MPM apoptosis [36]. Of note, 
phase I clinical trial of Afuresertib in multiple 
myeloma showed promising results [37], encour-
aging further assessment of this drug for the 
treatment of other cancers including MPM.

17.1.1.3  NF2/Merlin and FAK
Cell anchorage to Extracellular Matrix (ECM) 
triggers signal transduction pathways involved in 
cell growth, survival, motility, and invasiveness 
[38]. A central role in transducing these signals is 
carried out by the Focal Adhesion Kinase (FAK). 
FAK is a non-receptor cytoplasmic tyrosine 
kinase consisting of four domains: N-terminal 
FERM domain (regulatory domain), catalytic 
domain, proline-rich domain, and C-terminal 
focal adhesion domain. It is activated by Integrin 
Receptors, Growth Factor and Cytokine 
Receptors [38] (Fig. 17.3). FAK overexpression 
and deregulation has been described in several 
types of cancers, and it was linked to  uncontrolled 
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tumor growth and metastasis [38]. FAK acts 
mainly at the membrane levels, but Nuclear 
Localization Sequence (NLS) in the FERM 
domain has also been described [39], supporting 
the hypothesis that FAK may have a role in genes 
regulation. Small-molecule FAK inhibitors were 
extensively used both in preclinical studies and in 
clinical trials. These drugs consist mainly of 
selective ATP-competitive inhibitors of FAK 
(e.g., VS-4718, GSK2256098), although some of 

them target both FAK and its homolog PYK2 
(e.g., VS-6062, VS-6063). In vitro results 
obtained using VS-4718 (Verastem) and VS-6062 
(Verastem) in several types of cancer showed a 
strong activity of FAK inhibitors in reducing cell 
growth, motility, invasiveness, and metastatic 
potential [40]. Moreover, VS-4718 was able to 
deplete tumor suppressive microenvironment 
[41], while VS-6062 blocked TGF-β-dependent 
epithelial-to-mesenchymal transition and showed 
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Fig. 17.2 Schematic representation of TKRs-induced 
pathways. Growth factors binding to their specific recep-
tors induce intracytoplasmanic phosphorylation and acti-
vation of TKRs. TKRs transduce their signals mainly 
through PI3K-AKT-mTOR pathway and MAPK 
(Mitogen-Activated Protein Kinase) pathway and are 
mainly implicated in cell proliferation and survival. PI3K- 
AKT- mTOR pathway: activated PI3K induces AKT phos-
phorylation and activation. AKT activates mTORC1 that 
in turn induces mRNA translation and protein synthesis. 
mTORC1 inhibits mTORC2. Activated mTORC2 regu-
lates the activity of several protein kinases including 
AKT. Merlin and PTEN are negative regulators of PI3K- 
AKT- mTOR pathway. Tivantinib inhibits the kinase 

domain of c-MET receptor; imatinib mesylate inhibits 
PDGFR; erlotinib and gefitinib inhibit EGFR. Everolimus 
inhibits mTORC1; apitolisib inhibits mTORC1, 
mTORC2, and PI3K; Afuresertib inhibits AKT. HGF 
Hepatocyte Growth Factor, c-MET mesenchymal–epithe-
lial transition protein, PGF platelet-derived growth factor, 
PDGFR platelet-derived growth factor receptor, EGF epi-
thermal growth factor, EGFR epithermal growth factor 
receptor, PTEN phosphatase and tensin homolog, PI3K 
phosphatidylinositide 3 kinase, mTORC1/2 mammalian 
target of rapamycin complex 1/2, RAS rat sarcoma (small 
GTPase), RAF rapidly accelerated fibrosarcoma, MEK 
mitogen-activated protein kinase kinase, ERK extracellu-
lar signal-regulated kinase

L. Urso and G. Pasello



247

Ta
bl

e 
17

.1
 

C
lin

ic
al

 tr
ia

ls
 w

ith
 ta

rg
et

ed
 th

er
ap

ie
s 

in
 M

PM
 p

at
ie

nt
s

Ta
rg

et
s

D
ru

gs
Ph

as
e

Se
tti

ng
B

io
m

ar
ke

rs
Pr

im
ar

y 
en

d 
po

in
ts

C
lin

ic
al

 tr
ia

l I
D

R
ef

er
en

ce
s

m
T

O
R

C
1

E
ve

ro
lim

us
II

Se
co

nd
 

lin
e

PF
S

N
C

T
00

77
01

20
[3

3]

E
ve

ro
lim

us
II

Se
co

nd
 

lin
e

M
er

lin
/N

F2
 lo

ss
R

R
N

C
T

01
02

49
46

PI
3K

; m
T

O
R

C
1/

2
A

pi
to

lis
ib

I
Fi

rs
t/

Se
co

nd
 

lin
e

Sa
fe

ty
, M

T
D

, P
K

N
C

T
00

85
41

52
[3

4]

FA
K

D
ef

ac
tin

ib
II

Se
co

nd
 

lin
e

M
er

lin
 s

ta
tu

s
O

S,
 P

FS
N

C
T

01
87

06
09

G
SK

22
56

09
8

I
Fi

rs
t/

Se
co

nd
 

lin
e

pF
A

K
 e

xp
re

ss
io

n;
 m

er
lin

 s
ta

tu
s

Sa
fe

ty
, M

T
D

N
C

T
01

13
80

33
[4

7]

G
SK

22
56

09
8 

pl
us

 
T

ra
m

et
in

ib
I

Fi
rs

t/
Se

co
nd

 
lin

e

pF
A

K
; p

E
R

K
 e

xp
re

ss
io

n
Sa

fe
ty

, M
T

D
N

C
T

01
93

84
43

[4
8]

E
G

FR
E

rl
ot

in
ib

II
Fi

rs
t l

in
e

pE
G

FR
; p

E
R

K
; p

A
K

T;
 

pm
T

O
R

; P
T

E
N

 e
xp

re
ss

io
n

R
R

, c
or

re
la

tio
n 

w
ith

 E
G

FR
 p

at
hw

ay
 

ac
tiv

at
io

n
N

C
T

00
03

91
82

[5
1]

E
rl

ot
in

ib
 p

lu
s 

B
ev

ac
iz

um
ab

II
Se

co
nd

 
lin

e
R

R
N

C
T

00
13

78
26

[1
03

]

G
efi

tin
ib

II
Fi

rs
t l

in
e

E
G

FR
 e

xp
re

ss
io

n
R

R
N

C
T

00
02

52
07

[4
9]

G
efi

tin
ib

II
Fi

rs
t l

in
e

R
R

, s
af

et
y

N
C

T
00

78
74

10
c-

M
E

T
T

iv
an

tin
ib

II
Se

co
nd

 
lin

e
M

E
T

 s
ta

tu
s;

 H
G

F 
se

ru
m

 le
ve

ls
R

R
N

C
T

01
86

13
01

[5
9]

T
iv

an
tin

ib
 p

lu
s 

ca
rb

o/
pe

m
I-

Ib
Fi

rs
t l

in
e

H
G

F,
 M

E
T

 a
nd

 V
E

G
F 

se
ru

m
 

le
ve

ls
, p

M
E

T,
 M

E
T

 e
xp

re
ss

io
n

D
LT

N
C

T
02

04
90

60

PD
G

FR
, c

-K
it,

 
B

C
R

-A
B

L
Im

at
in

ib
 m

es
yl

at
e

II
Fi

rs
t/

Se
co

nd
 

lin
e

E
ff

ec
t o

n 
lif

e-
th

re
at

en
in

g 
ra

re
 d

is
ea

se
s 

as
so

ci
at

ed
 w

ith
 im

at
in

ib
 m

es
yl

at
e-

 
se

ns
iti

ve
 ty

ro
si

ne
 k

in
as

es

N
C

T
00

15
43

88
[6

1]

Im
at

in
ib

 p
lu

s 
ci

s/
pe

m
I

Fi
rs

t l
in

e
PD

G
FR

α;
 P

D
G

FR
β;

 p
PD

G
FR

β 
ex

pr
es

si
on

M
T

D
N

C
T

00
40

27
66

[6
2]

Im
at

in
ib

 p
lu

s 
G

em
ci

ta
bi

ne
II

Se
co

nd
 

lin
e

PF
S

N
C

T
02

30
38

99

(c
on

tin
ue

d)

17 Targeted Therapies in Mesothelioma



248

Ta
bl

e 
17

.1
 

(c
on

tin
ue

d)

Ta
rg

et
s

D
ru

gs
Ph

as
e

Se
tti

ng
B

io
m

ar
ke

rs
Pr

im
ar

y 
en

d 
po

in
ts

C
lin

ic
al

 tr
ia

l I
D

R
ef

er
en

ce
s

E
G

FR
, V

E
G

FR
, R

E
T

V
an

de
ta

ni
b

II
Se

co
nd

 
lin

e
D

C
N

C
T

00
59

71
16

PD
G

FR
, B

C
R

-A
B

L
, 

Sr
c 

fa
m

ily
 n

on
-r

ec
ep

to
r 

T
K

D
as

at
in

ib
II

Se
co

nd
 

lin
e

E
ph

A
2 

an
d 

PD
G

FR
β 

ex
pr

es
si

on
; p

la
sm

a 
le

ve
ls

 o
f 

V
E

G
F 

an
d 

PD
G

FR
β

PF
S

N
C

T
00

50
90

41
[6

7]

D
as

at
in

ib
I

Fi
rs

t l
in

e
pS

rc
 a

nd
 p

PD
G

FR
 e

xp
re

ss
io

n
M

od
ul

at
io

n 
of

 p
Sr

c
N

C
T

00
65

25
74

[6
8]

H
D

A
C

s
V

or
in

os
ta

t
II

I
Se

co
nd

 
lin

e
O

S,
 to

xi
ci

ty
N

C
T

00
12

81
02

[7
8]

B
el

in
os

ta
t

II
Se

co
nd

 
lin

e
Fe

ta
l h

em
og

lo
bi

n
R

R
N

C
T

00
36

50
53

[7
9]

V
al

pr
oa

te
 p

lu
s 

D
ox

or
ub

ic
in

II
Se

co
nd

 
lin

e
R

es
po

ns
e 

ra
te

N
C

T
00

63
42

05
[8

0]

Pr
ot

ea
so

m
e

B
or

te
zo

m
ib

II
Fi

rs
t/

Se
co

nd
 

lin
e

R
R

N
C

T
00

51
38

77
[8

4]

B
or

te
zo

m
ib

 p
lu

s 
C

is
pl

at
in

II
Fi

rs
t l

in
e

PF
S

N
C

T
00

45
89

13
[8

5]

m
ic

ro
R

N
A

Ta
rg

om
iR

s
I

Se
co

nd
/

T
hi

rd
 li

ne
M

T
D

, D
LT

N
C

T
02

36
91

98
[8

9]

p1
6

R
ib

oc
ic

lib
II

Se
co

nd
 

lin
e

C
D

K
4/

6,
 C

yc
lin

D
1/

3,
 p

16
 

st
at

us
C

lin
ic

al
 b

en
efi

t r
at

e
N

C
T

02
18

77
83

P
F

S 
pr

og
re

ss
io

n-
fr

ee
 s

ur
vi

va
l, 

R
R

 r
es

po
ns

e 
ra

te
, O

S 
ov

er
al

l s
ur

vi
va

l, 
M

T
D

 m
ax

im
um

-t
ol

er
at

ed
 d

os
e,

 D
LT

 d
os

e-
lim

iti
ng

 to
xi

ci
tie

s,
 P

K
 p

ha
rm

ac
ok

in
et

ic

L. Urso and G. Pasello



249

antiangiogenic effects [40]. As regard MPM, 
in vitro studies using FAK inhibitors revealed a 
link between merlin expression and anti-FAK 
therapy sensitivity. Indeed, MPM cell lines 
expressing merlin were more resistant to 
VS-4718 in respect of MPM cells characterized 
by loss of merlin. Shapiro et al. hypothesized that 
in merlin null cells, the loss of merlin-dependent 
signals derived from cell-to-cell contact may 
increase signals derived from cell-to-ECM con-
tact, resulting in a hyper-activation of FAK [42]. 
In line with this hypothesis, reintroduction of 
merlin, in merlin null MPM cells, decreased FAK 
expression levels, FAK phosphorylation, and 
consequently cell invasiveness [43]. Although the 
strong preclinical evidence supporting the role of 

merlin as predictive biomarker for anti-FAK ther-
apy, a phase II, double-blind, randomized, 
placebo- controlled trial aimed at determining the 
activity of VS-6063 (Defactinib, Verastem) in 
MPM, based on merlin status, showed no effi-
cacy and was stopped (www.clinicaltrials.gov; 
COMMAND NCT01870609). A possible expla-
nation of this failure was provided by Kato et al. 
that in their work identified E-cadherin as addi-
tional predictive biomarker for anti-FAK therapy 
in merlin null MPM. Using a large panel of MPM 
cell lines, they demonstrated that the expression 
levels of E-cadherin mRNA in merlin null cells 
significantly correlated with VS-4718 resistance, 
suggesting that evaluation of both markers may 
be useful for the selection of MPM patients 
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Fig. 17.3 FAK pathway: integrin or RTK-mediated acti-
vation of FAK involves recruitment of different proteins 
including talin, paxillin RHOGEF, and Src. Activated 
FAK induces cell cycle progression through RAS/ERK1/2 
pathway, inhibits apoptosis through RAS/ERK1/2 and 
PI3K/AKT pathways, promotes cell migration and inva-
sion through PI3K/AKT/mTOR pathway and activation of 
p300CAS.  VS-4718, VS-6063, and GSK2256098 are 

ATP-competitive FAK inhibitors that block FAK auto-
phosphorylation. ECM extracellular matrix, RTKs 
Tyrosine Kinase Receptors, FAK Focal Adhesion Kinase, 
RHOGEF Rho guanine nucleotide exchange factor, 
ERK1/2 extracellular signal-regulated kinase 1/2, PI3K 
phosphatidylinositide 3 kinase, mTOR mammalian target 
of rapamycin, p130Cas p130 Crk-associated substrate, 
MMPs matrix metalloproteases
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 suitable for anti-FAK therapy. Importantly, they 
also demonstrated that MPM patients character-
ized by low expression levels of merlin and 
E-cadherin mRNA showed the poorest overall 
survival [44]. An additional small-molecule FAK 
inhibitor tested in clinical trial was GSK2256098 
(GlaxoSmithKline). GSK2256098 showed strong 
efficacy in reducing cell growth, anchorage- 
independent cell growth, survival, motility, and 
invasiveness both in  vitro and in  vivo [45, 46]. 
The first pharmacokinetic and pharmacodynamic 
study of GSK2256098 administered as single 
agent in advanced solid tumors included 29 MPM 
patients (46% of total patients enrolled) (www.
clinicaltrials.gov, NCT01138033). Preliminary 
results showed a tolerable safety profile and anti-
tumor activity in both merlin null and merlin- 
expressing MPM. Evaluation of PFS (progression 
free survival) revealed a greater efficacy in those 
patients characterized by merlin null status 
(23.4 weeks merlin null vs 10.9 merlin-positive 
patients), encouraging the stratification of 
patients based on merlin expression [47]. Finally, 
a clinical trial evaluating the efficacy of com-
bined therapy using GSK2256098 and trametinib 
(a MAPK pathway inhibitor) in MPM is ongoing 
and preliminary results are promising (www.clini-
caltrials.gov, NCT01938443) [48] (Table 17.1).

17.1.2  Tyrosine Kinase Receptors

Tyrosine Kinase Receptors (TKRs) are important 
class of transmembrane receptors transducing 
growth factor signals. The binding of growth factors 
with specific TKRs activates transduction pathways 
such as MAPKs (Mitogen Activated Protein 
Kinases), PI3K/AKT, Phospholipase Cγ (PLCγ), 
and Protein Kinases C (PKC), and regulates cell 
proliferation, survival, migration, invasion, and 
angiogenesis (Fig. 17.2). Oncogenic role of gain of 
function TKRs mutations or TKRs overexpression 
has been described in several types of cancers, and 
an important role in MPM carcinogenesis has been 
shown for c-MET (mesenchymal–epithelial transi-
tion protein), Platelet- Derived Growth Factor 
Receptor (PDGF), and Epidermal Growth Factor 
Receptors (EGFRs) (Fig. 17.2) [28].

EGFR overexpression has been detected in 
about 50% of MPM patients [49, 50]. Erlotinib 
(Tarceva, Genentech Inc.) and gefitinib (Iressa, 
Astra Zeneca Pharmaceuticals) are Tyrosine 
Kinase Inhibitors (TKIs) targeting specifically 
the intracytoplasmic catalytic domain of 
EGFR. These drugs have been successfully intro-
duced in the treatment of NSCLC, where the 
response is strictly related to the presence of gain 
of function mutations in exons 19 and 21 of the 
EGFR gene [51]. Despite this, phase II clinical 
trials conducted in untreated mesothelioma 
patients failed to show activity with both erlo-
tinib and gefitinib [50, 52], probably because 
EGFR mutations in MPM are infrequent [53] 
(Table 17.1).

c-MET is a tyrosine kinase receptor activated 
by the binding with Hepatocyte Growth Factor 
(HGF). HGF/MET signaling involved mainly the 
activation of PI3K/AKT pathway [54]. 
Overexpression of c-MET in mesothelioma 
tumors has been described, especially in epitheli-
oid subtypes [55], and seemed to be related to 
mir-34 b/c silencing [56]. Moreover, mesotheli-
oma patients expressed higher serum levels of 
HGF compared to healthy subjects [57]. These 
results encouraged the investigation of c-MET 
inhibitors in mesothelioma clinical trials. 
Tivantinib (ARQ 197), an orally bioavailable 
small-molecule c-MET inhibitor, was tested in 
phase II trial for the treatment of malignant meso-
thelioma previously treated (www.clinicaltrials.
gov, NCT01861301). While in hepatocellular 
carcinoma the anticancer activity of tivantinib 
was related to c-MET overexpression [58], results 
of this trial showed disease control only in perito-
neal mesothelioma group and no correlation with 
c-MET expression or mutation [59]. On the other 
hand, in MPM preclinical models, tivantinib 
showed low activity used as single agent, but syn-
ergistic antitumor activity in association with 
pemetrexed [60] or PI3K/mTOR inhibitors [61]. 
To date, phase I-Ib trial testing the efficacy of 
tivantinib plus carboplatin/pemetrexed as first- 
line therapy for malignant pleural mesothelioma 
and non-small cell lung cancer is ongoing  (www.
clinicaltrials.gov, NCT02049060) and results are 
awaited (Table 17.1).

L. Urso and G. Pasello

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov


251

PDGF is a growth factor inducing prolifera-
tion of mesothelioma cells. Its receptor is 
expressed in two different isoforms (PDGFRα 
and PDGFRβ). Normal mesothelial cells express 
PDGFRα, while mesothelioma tumors express 
high levels of PDGFRβ [51]. Imatinib mesylate 
(STU 571, Gleevec, Novartis), an inhibitor of 
tyrosine kinase associated with PDGFR, c-Kit 
and BCR-ABL fusion protein, was tested in sev-
eral trials both as single-agent and combined 
therapies. Phase II trials showed no results when 
imatinib was administered as single agent [62, 
63]; in a phase I study designed to determine the 
maximum-tolerated dose of imatinib mesylate in 
association to cisplatin and pemetrexed on 17 
MPM patients, the combination was not well tol-
erated discouraging further examination [64]; 
finally, phase II trial aimed at assessing the anti-
tumoral activity of a combination of imatinib 
mesylate and gemcitabine in patients with unre-
sectable malignant mesothelioma expressing 
either PDGFR or c-Kit is ongoing (www.clinical-
trials.gov, NCT02303899) (Table 17.1).

Failure of TKIs in MPM treatment can be 
caused by the concomitant activation of different 
TKRs (MET; EGFR; PDGFR). For example, 
high percentage of MPM tumors and cell lines 
(70%) showed simultaneous overexpression of 
c-MET and EGFR and preclinical models 
revealed a synergistic antitumor activity using 
crizotinib (c-MET kinase inhibitor) and afatinib 
(EGFR inhibitor) [65]. Multi-targeted TKIs have 
been developed. Vandetanib (ZD6474, Zactima, 
Astra Zeneca Pharmaceuticals), an oral inhibitor 
of EGFR, VEGFR and RET tyrosine kinases, 
showed strong anticancer activity in MPM cell 
lines acting both inhibiting RET-dependent cell 
survival and VEGFR-dependent angiogenesis 
[66], and strongly enhancing carboplatin/peme-
trexed cytotoxicity [67]. Despite this, its efficacy 
as single agent in vandetanib versus vinorelbine 
randomized phase II trial in 25 patients with 
inoperable or relapsed malignant mesothelioma 
showed disappointing results (www.clinicaltri-
als.gov; NCT00597116). Dasatinib (BMS354825, 
Sprycel, Bristol-Myers) targets BCR-ABL fusion 
protein and inhibits signals derived from PDGFR 
and Src family of non-receptor tyrosine kinase 

[68]. Single-agent dasatinib assessed in second- 
line or neoadjuvant setting showed high toxicity 
profile without anticancer efficacy [69, 70] 
(Table 17.1). These negative results highlight the 
need to test further TKI combinations and to 
identify reliable predictive biomarkers to select 
those patients suitable for specific therapies.

17.1.3  Apoptosis Dysregulation

Dysregulation of apoptotic pathway is a feature 
of MPM. O’kane et al., analyzing 54 MPM tumor 
samples that consist of both sarcomatoid and epi-
thelioid subtypes, revealed overexpression of the 
antiapoptotic proteins BCL-2, BCL-XL, and 
Mcl-1 and downregulation of the proapoptotic 
Bad, Bax, and Bid. Most important, percentage 
of patients overexpressing BCL-XL and under- 
expressing Bad and Bid was significantly higher 
in sarcomatoid than in epithelioid subtypes [71]. 
Overexpression of caspase inhibitors XIAP 
(X-Linked Inhibitor Of Apoptosis) and survivin 
in MPM specimens has also been reported [72].

17.1.3.1  Apoptosis Dysregulation 
and HDAC Inhibitors

Histone deacetylases are 18 different enzymes 
divided into four classes based on functional cri-
teria [73]. They control a plethora of cellular func-
tion including cell cycle arrest, apoptosis, 
angiogenesis, and immunomodulation regulating 
the activity of both histones and nonhistone pro-
teins, such as p53, NF-kB, HSP90, and HIF- 
1alpha [74]. HDAC inhibitors include a wide 
spectrum of natural and synthetic compounds 
[75], and are classified as pan-deacetylase inhibi-
tors, including vorinostat (Suberoylanilide 
Hydroxamic Acid-SAHA: Zolinza, Merck), 
 panobinostat (LBH589; Farydak, Novartis), 
 belinostat (PXD101; Beleodaq, Spectrum 
Pharmaceuticals), and trichostatin A, and class- 
specific inhibitors such as butyrate and valproate 
(inhibit class I and IIa HDACs) and SBHA (suber-
ohydroxamic acid) (inhibits HADC 1 and 3) [73]. 
In MPM cell lines, downregulation of BCL-XL 
was implicated in butyrate-induced apoptosis 
[76], and in SBHA sensitization to TNF-Related 
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Apoptosis-Inducing Ligand (TRAIL) [77]. 
Sensitization to TRAIL treatment was also 
obtained with panobinostat that acted inhibiting 
the expression of XIAP and increasing caspases’ 
activation [78]. Vandermeers et al. demonstrated 
increased apoptosis induction combining cisplati-
num and pemetrexed treatment with both valpro-
ate and SAHA. Anticancer efficacy of valproate 
plus cisplatinum/pemetrexed therapy was also 
validated in an epithelioid in vivo model [79]. In 
MPM, HDAC inhibitors have been tested in clini-
cal trials both as single agent and combined ther-
apy (Table  17.1). Oral vorinostat, an 
FDA-approved drug for the treatment of cutane-
ous T-cell lymphoma, was tested in a phase III, 
double-blind, randomized, placebo- controlled 
trial (www.clinicaltrials.gov; NCT00128102). Six 
hundred and sixty-one mesothelioma patients 
progressed after platinum plus pemetrexed treat-
ment were included in the study. Results of this 
phase III study showed no improvement in Overall 
Survival (OS) in vorinostat versus placebo-treated 
group [80]. Negative results were also obtained 
with belinostat in a phase II study in which 13 
MPM patients were included for second-line 
treatment and received intravenous infusion of the 
drug. The study was stopped for lack of efficacy 
[81]. On the contrary, a phase II trial aimed at 
evaluating oral valproate administration plus 
doxorubicin for refractory or recurrent mesothe-
lioma after platinum-based first-line therapy 
showed encouraging response rate (16%) and dis-
ease control (36%). Among 45 MPM patients 
enrolled into the study, the best response was 
observed in those patients with good performance 
status at the time of protocol inclusion [82].

17.1.3.2  Apoptosis Dysregulation 
and Proteasome Inhibitors

Proteasome is a multiprotein complex responsible 
for proteins degradation and homeostasis. 
Bortezomib (Velcade) is a potent proteasome 
inhibitor, approved by FDA for multiple myeloma 
treatments. It is able to activate intrinsic apoptosis 
mainly blocking the degradation of IKB (Inhibitor 
KB) and consequently the activation of the pro-
survival NF-kB (nuclear factor kappa- light- chain-
enhancer of activated B cells) pathway [83].

In MPM preclinical studies, the ability of bort-
ezomib to induce apoptosis was confirmed [84]. 
Of note, a strong synergizing activity was reported 
when bortezomib was administrated in combina-
tion with carboplatin/pemetrexed therapy [85]. 
Despite this, clinical evaluation of bortezomib in 
MPM patients failed to reach satisfactory results. 
Phase II trial designed to evaluate the efficacy of 
bortezomib as single agent in first- and second-
line setting showed no activity, discouraging fur-
ther evaluations [86]; phase II study aimed at 
evaluating the efficacy of first-line therapy com-
bining cisplatin and bortezomib did not fulfill the 
primary endpoint (progression- free survival rate 
at 18 weeks >67.5%) and showed higher toxicity 
than cisplatin/pemetrexed (or raltitrexed) therapy 
[87] (Table 17.1).

17.1.3.3  Apoptosis Dysregulation 
and MicroRNAs

MicroRNAs (miRNAs) are short, noncoding, 
RNAs that targeting sequence-specific mRNAs 
are implied in post-transcriptional regulation of 
genes expression. Based on their target mRNAs, 
microRNAs can act as oncogenes or tumor sup-
pressor genes. Dysregulation of miRNAs expres-
sion has been described in many malignancies, 
including cancers. In MPM mir-34b/c, mir-16 
and mir-193a-3p are downregulated. These miR-
NAs are implied in the regulation of pro-survival 
and antiapoptotic pathways [56, 88–90]. 
TargomiRs are minicells loaded with specific 
microRNAs (EDVs—EnGeneIC Dream Vector) 
representing a reliable delivery system for in vivo 
administration. Mir-16 mimic encapsulated in an 
EGFR-targeted EDVs was successfully tested in 
MPM xenograft model [89] paving the way for 
clinical assessment. Van Zandwijk et  al. con-
ducted a phase I, open-label, dose-escalation 
study aimed at testing safety and activity of mir- 
16- loaded minicells in patients with recurrent 
pleural mesothelioma previously treated 
(Table  17.1). Twenty-six MPM patients were 
enrolled into the study. 5  ×  109 TargomiRs per 
week were well tolerated and revealed early signs 
of antitumor activity detected by CT and PET-CT 
(5% of patients had partial response and 68% of 
patients had stable disease). However, Targomir 
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activity could not be clearly attributed to mir-16 
targeting because the evaluation of mir-16 silenc-
ing on post-treatment biopsies has not been per-
formed [91]. Nevertheless, results of the study 
are encouraging and warrant further clinical 
investigations.

17.1.4  Cell Cycle Regulation

Molecular pathogenesis of MPM is characterized 
by frequent deletion of CDKN2A gene. CDKN2A 

encodes p14/ARF and p16/INK4A proteins. p16/
INK4a plays an important role in the regulation 
of the G1/S cell cycle checkpoint; it inhibits the 
activity of Cyclin-Dependent Kinases (CDKs) 
4/6 preventing the phosphorylation of RB 
(Retinoblastoma protein) and thus G1/S cell 
cycle progression [51] (Fig. 17.4). Low expres-
sion of p16/INK4a significantly correlated with 
chemotherapy resistance and worse survival of 
MPM patients [92], suggesting that MPM 
patients carrying p16 deletion may benefit from 
CDK inhibitor-based therapy. CDK4/6 inhibitors 
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(such as palbociclib and ribociclib) are under 
investigation in several tumors. These drugs 
mimic p16 activity preventing RB phosphoryla-
tion [93]. Palbociclib (PD-033299; Pfizer) is an 
oral available, potent CDK4/6 inhibitor charac-
terized by a mild toxicity profile. It was approved 
by FDA for the treatment of estrogen-positive 
metastatic breast cancer. Of note, palbociclib 
showed efficacy in MPM cell lines when associ-
ated with PI3K inhibitors [94], but clinical trials 
aimed at testing its efficacy in MPM patients has 
not been performed yet.

The efficacy of ribociclib (LEE01; Novartis) is 
under evaluation in solid tumor, including 
MPM. Phase II open-label, nonrandomized clini-
cal trial including patients characterized by aber-
rant expression of CDK4/6, cyclin D1/3, or p16 is 
ongoing (www.clinicaltrials.gov; NCT02187783) 
(Table 17.1).

p14/ARF controls both cell cycle progression 
and apoptosis activation inhibiting MDM2 
(Mouse Double Minute 2), the E3 ubiquitin 
ligase responsible for p53 degradation (Fig. 17.4). 
In p53 wild-type tumors, p14/ARF activity can 
be bypassed using small-molecule p53 activators 
such as Nutlin 3a, an inhibitor of MDM2-p53 
interaction [95]. Nutlin 3a showed greater activ-
ity in those tumor characterized by over- activation 
of MDM2 [96]. This is of particular interest in 
MPM because MDM2 overexpression was 
reported in tumor samples, especially in sarco-
matoid and biphasic subtypes [97]. In MPM pre-
clinical studies, Nutlin 3a caused p53-dependent 
G1/S cell cycle arrest inducing p21 increase [98] 
also in ZL34 and MSTO-211H cell lines not 
expressing p14/ARF [92, 99]. Moreover, p53 
activation was able to decrease the antiapoptotic 
protein survivin. However, in the absence of 
strong apoptotic stimuli, Nutlin 3a did not induce 
MPM cell death but strongly synergized with 
rhTRAIL-dependent apoptosis [98]. Clinical trial 
aimed at testing the activity of RG7112 (Roche), 
a Nutlin 3a analog optimized for clinical use, 
showed promising activity in leukemias [100] but 
modest responses and high toxicity in solid 
tumors [101]. A more potent nutlin analog, 
RG7388 (Roche) (idasanutlin) [102], is in phase 
III trial in relapsed/refractory AML (Acute 

Myeloblastic Leukemia) (www.clinicaltrials.
gov; NCT02545283) encouraging future assess-
ment in MPM both as single agent and combined 
therapy.

17.2  Conclusions

Although clinical evaluation of targeted therapies 
in MPM found a strong rationale in several 
molecular alterations characterizing this neopla-
sia, clinical trials aimed at evaluating the efficacy 
of biologic agents targeting key oncogenic path-
ways did not achieve the expected results [28]. A 
possible explanation of this failure may lie in the 
lack of driver mutations, which instead character-
ize other types of cancers. Indeed, while TKIs are 
ineffective in MPM, EGFR-mutated NSCLC is 
particularly suited to anti-EGFR therapies, so 
that these treatments entered in clinical practice. 
Loss of tumor suppressor genes results in the 
simultaneous dysregulation of different down-
stream pathways. For example, loss of NF2/mer-
lin triggers cell proliferation through Hippo, 
PI3K-ATK-mTOR, and FAK pathways. In this 
context, targeting a single transduction pathway 
has shown to be ineffective to abrogate the prolif-
erative pressure of cancer cells. These negative 
results highlight the need to better understand 
MPM biology. A comprehensive evaluation of 
cellular features, their interconnections, and their 
relationships with tumor microenvironment may 
help to develop novel therapeutic approaches 
aimed at targeting multiple key signals 
simultaneously.
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Mesothelin-Targeted Agents 
in Mesothelioma
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18.1  Introduction

Mesothelin (MSLN) is a cell surface glycopro-
tein expressed by mesothelial cells of the pleural, 
peritoneum, and pericardium. It is synthesized as 
a precursor protein of about 70 KD and then pro-
cessed by the Furin protease to form the mature 
form of Mesothelin, a glycosylated membrane- 
bound protein of about 40 KD, and the soluble 
Megakariocyte Potentiating Factor (MPF) of 
about 30 KD [1]. Mesothelin functions are not 
yet completely understood. Nonetheless, it 
acquired a great interest in oncology because of 
its overexpression in several types of cancers, 
particularly in Malignant Mesothelioma, Ovarian 
Cancer and Pancreatic Cancer [1]. Since it was 
discovered in the 1990s by Pastan and 
Willingham, several studies have been conducted 
to demonstrate the potential role of Mesothelin as 
a biomarker for cancer diagnosis and as a suitable 
target for cancer immunotherapy. In Malignant 
Mesothelioma, which is characterized by late 
diagnosis and few therapeutic options, Mesothelin 
may represent a promising treatment option for 
affected patients.

18.1.1  Role of Mesothelin 
in Malignant Mesothelioma

The physiological role of Mesothelin has not been 
clarified yet, but several reports investigating its 
function in tumor cells suggested an important 
role in the different aspect of cancer progression. 
Mesothelin has high binding affinity for MUC16 
(CA125), a typical marker of ovarian cancer, thus 
promoting heterotypic cell adhesion responsible 
for ovarian cancer spread across peritoneum [2–
4]. In pancreatic cancer cells, mesothelin pro-
motes cell proliferation by inducing IL-6 
expression [5, 6] and has an antiapoptotic role in 
TNF-alpha-induced apoptosis by promoting AKT 
phosphorylation and subsequent inhibition of pro-
apoptotic proteins (BAX and Bad) [7]. Mesothelin 
overexpression increases anchorage- independent 
growth of breast cancer cells [8], and high levels 
of Mesothelin correlate with poor prognosis and 
resistance to chemotherapy in epithelial ovarian 
carcinoma patients [9]. Mesothelin is overex-
pressed in 95% of epithelioid malignant pleural 
mesothelioma (MPM) and epithelioid component 
of biphasic MPM tissues [10]. High level of solu-
ble mesothelin detected in the serum of affected 
patients was associated with worse prognosis, 
while its change during chemotherapy treatment 
correlated with radiological response [11]. 
Preclinical studies demonstrated that Mesothelin 
may be implicated in mesothelioma invasiveness. 
Servais et al. demonstrated in an orthotopic mouse 
model that mesothelin- expressing MPM showed 
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a more aggressive phenotype characterized by 
increased local tumor invasion and metalloprote-
ase 9 (MMP9) expression at the invasive edge 
compared to Mesothelin negative MPM.  This 
aggressive phenotype was significantly associated 
with reduced survival of mice with Mesothelin- 
positive tumors. Of note, a strong correlation 
between Mesothelin and MMP9 expression was 
observed in surgically resected epithelioid MPM 
specimens [12]. Mesothelin seems to be involved 
in epithelial-to-mesenchymal transition (EMT) as 
demonstrated by the downregulation of EMT 
markers (twist, snail, slug, and ABCG2) follow-
ing mesothelin silencing [13]. Conflicting results 
have been reported regarding mesothelin-induced 
cell proliferation in MPM. Indeed, MSTO-211H 
cell lines transduced with mesothelin showed no 
changes in cell proliferation [12], while mesothe-
lioma cell lines characterized by high mesothelin 
expression, Mero 14 and H2052, demonstrated a 
decreased proliferation rate, colony formation, 

and tumor sphere formation after protein silenc-
ing [13, 14]. To reinforce the existing link between 
Mesothelin and cell proliferation, Melaiu and 
coworkers showed that, in Mero 14 cells, 
Mesothelin silencing downregulated AKT and 
ERK phosphorylation (two proteins generally 
implicated in proliferative pathways) [14] 
(Fig. 18.1).

More efforts are needed in order to clarify the 
role of mesothelin in MPM. A deep knowledge of 
its pro-tumorigenic function may help in devel-
oping new therapeutic strategies able to counter-
act MPM progression.

18.1.2  Mesothelin as a Therapeutic 
Target in Malignant 
Mesothelioma

Mesothelin is considered a good target for cancer 
immunotherapy because of its limited expression 
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Fig. 18.1 Role of Mesothelin in MPM. Mesothelin over-
expression in MPM seems to be involved in: MPM inva-
siveness promoting the activation of metalloprotease 9 
(MMP9) [12]; MPM cell proliferation promoting the acti-
vation of Extracellular Signal-regulated Kinase 1/2 

(ERK1/2) and Protein Kinase B (AKT/PKB) [14]; promo-
tion of the epithelial to mesenchymal transition by induc-
ing the expression of EMT markers such as Twist, Snail, 
Slug, ABCG2 [13]. The Figure was created with Smart 
Servier Medical Art
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in normal tissues and overexpression in cancers. 
Overexpression of mesothelin in MPM, espe-
cially in the epithelioid subgroup [15], makes this 
tumor particularly suited for mesothelin-based 
immunotherapy approaches.

18.1.2.1  Immunotoxins
In 1998, Chowdhury et al. realized the recombi-
nant immunotoxin-targeting mesothelin- 
expressing cells, called SS1P.  It consists of a 
variable fragment of murine anti-mesothelin anti-
body conjugated with domain 2 and 3 of the pseu-
domonas exotoxin A [16]. SS1P internalization 
following antibody/mesothelin binding carries the 
exotoxin into mesothelin-expressing cells. Once 
internalized, the exotoxin inhibits protein synthe-
sis by blocking EEF2 (eukaryotic elongation fac-
tor 2) and induces apoptosis. Highly selective 
antibody/mesothelin binding renders SS1P a spe-
cific system to kill cancer cells with marginal 
effects on normal cells [16]. Two phase I dose 
escalation studies were conducted to test the 
safety of SS1P.  The first study, enrolling 34 
patients, 20 of which were mesothelioma patients 
(7 pleural mesothelioma), administered SS1P in 
endovenous bolus as second-line treatment. In the 
second one, the drug was administered by 10 days 
continuous infusion in patients not eligible for 
surgery after first-line treatment. Of 20 patients 
included, 9 were MPM. In both studies, mesothe-
lin IHC positivity in more than 30% of tumor cells 
was an inclusion criterium. Exclusion criteria 
included antibody-related serum neutralizing 
activity for SS1P higher than 75%. These studies 
demonstrated an acceptable safety profile of SS1P 
at the dose level of 45  ug/kg and 25  ug/kg for 
bolus and continuous infusion, respectively. 
Pleural pain, probably due to the inflammatory 
response of mesothelin- expressing mesothelial 
cells, represented the major adverse event, but it 
was managed by prednisone co-administration. 
However, antitumor activity was modest and the 
majority of patients had no more than one cycle of 
therapy because neutralizing antibodies were pro-
duced. Indeed, after the first cycle, most patients 
developed serum neutralizing activity for 
SS1P > 75% [17, 18]. Based on preclinical studies 
demonstrating a synergistic anticancer activity of 
SS1P associated with standard chemotherapy in 

tumor xenografts models [19], a phase I dose 
escalation study of SS1P in combination with 
standard doses of Cisplatin and Pemetrexed in 
Mesothelioma patients was designed. The pri-
mary endpoint of the study was to assess the rec-
ommended dose of SS1P in combination with 
chemotherapy; secondary endpoints were the 
evaluation of the anticancer activity and the evalu-
ation of the role of serum Mesothelin, MPF and 
CA125 as biomarkers of tumor response [20]. The 
study demonstrated a potential improvement of 
anticancer activity of the combination and bio-
markers assessment seemed to be predictive of 
response. However, chemotherapy not influenced 
anti- SS1P antibodies production, so that patients 
developed serum neutralizing activity after the 
first cycle of treatment [20]. Because serum 
immunization was the major limit of SS1P activ-
ity, delaying host immunity response seemed to 
be the way to improve immunotoxin efficacy. 
Depletion of B and T cells during SS1P treatment 
by pentostatin and cyclophosphamide administra-
tion was tested in a pilot study [21] showing 
promising clinical benefit, while the use of new- 
generation immunotoxin with reduced immuno-
genicity is under active investigation. LMB-100 
(RG7787) consists in a humanized anti- mesothelin 
Fab fragment linked to a modified domain 3 of 
pseudomonas exotoxin A. Modifications include 
amino acids substitution which silences B-cell 
epitopes in the toxin domain and reduces immu-
nogenicity [22]. LMB- 100 showed low anticancer 
activity in patient- derived mesothelioma xeno-
graft models when tested as a single agent. 
However, its combination with Nab-paclitaxel 
(albumin bound paclitaxel) induced strong tumor 
regression [23]. To date, LMB-100 is under evalu-
ation in clinical trials aimed at evaluating its activ-
ity as a single agent or in combination with 
nab-Paclitaxel (NCT02798536), pembrolizumab 
(NCT03644550), or SEL-110 (NCT03436732) 
for the treatment of epithelioid and biphasic 
mesothelioma patients (Table 18.1).

18.1.2.2  Anti-mesothelin Monoclonal 
Antibodies

Amatuximab (MORAb-009) is a chimeric 
(mouse/human) monoclonal IgG1/k antibody 
specifically targeting mesothelin-expressing cells. 

18 Mesothelin-Targeted Agents in Mesothelioma
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Potential anticancer activity of amatuximab was 
demonstrated in in  vitro studies where amatux-
imab was able to kill mesothelin-expressing cells 
by activating human peripheral blood mononu-
clear cell (PBMC) immune effectors (antibody- 
dependent cellular cytotoxicity: ADC). 
Amatuximab was also able to inhibit mesothelin/
CA125 binding [24]. In preclinical mouse model 
amatuximab showed moderate antitumor activity 
when used as a single agent but induced a long- 
term inhibition of tumor growth when combined 
with gemcitabine, and complete tumor regression 
in a high percentage of treated mice when com-
bined with taxol [24]. Of note, amatuximab spe-
cifically localized in tumor sites as demonstrated 
by a study of 111In-amatuximab biodistribution 
detected by SPECT-CT imaging in mesothelioma 
patients [25]. Phase I clinical trials established 
that amatuximab at the MTD (200 mg/m2 once a 
week) was well tolerated, thereby some patients 
experienced low-grade drug-related hypersensi-
tivity [26, 27]. Based on these results, two phase 
II trials aimed at testing the efficacy of amatux-
imab plus cisplatin/pemetrexed as first line ther-
apy in MPM patients with unresectable epithelioid 
or biphasic MPM were conducted. The first study 
was a multicenter, single arm, non-randomized 
trial (NCT00738582), in which 89 MPM patients 
were enrolled. Treatment with amatuximab plus 
cisplatin/pemetrexed did not achieve the primary 
endpoint (6  month PFS response rate of 62%), 
although interesting OS data and no overlapping 
toxicities were observed [28]. Thus, OS was set as 
the primary endpoint of the second multicenter, 
randomized, double-blind, placebo- controlled 
phase II study ARTEMIS; this clinical trial was 
initiated to determine if amatuximab combined 
with the standard of care chemotherapy improves 
the overall survival of unresectable, previously 
untreated, MPM patients. Induction treatment of 
4–6  cycles was followed by maintenance with 
amatuximab or placebo, in the experimental and 
control arms respectively. Secondary objectives 
include evaluating progression-free survival, 
objective response rate, duration of response, dis-
ease control and performance status maintenance, 
disease control rate, health-related quality of life, 
and safety (NCT02357147) (Table 18.1).

18.1.2.3  Anti-mesothelin Antibody 
Drug Conjugates

More specific ADC can be achieved using anti-
body–drug conjugates such as BAY94-9343 
(anetumab-ravtansine). BAY94-9343 consists of 
a human anti-mesothelin antibody bound through 
a disulfide linkage to DM4 toxophore. 
BAY94- 9343 showed good ADC properties 
because of its high binding affinity to human 
mesothelin (Kd 10  nmol/L), and its ability to 
internalize into target cells, delivering the toxo-
phore inside. Once internalized, the disulfide 
linker is degraded in lysosomes and DM4 
released into the cells. DM4 is a microtubule 
inhibitor able to induce cell death particularly in 
active proliferating cells, sparing normal meso-
thelial cells. Importantly, free DM4 is a cell- 
permeable molecule that can spread into 
neighboring cells eliciting bystander cytotoxic 
activity [29, 30]. BAY94-9343 showed high 
potent and selective cytotoxicity on mesothelin- 
expressing cells. In patient-derived xenograft 
tumor models, characterized by high heterogene-
ity in mesothelin expression, BAY94-9343 
showed specific antitumor activity in pancreatic, 
ovarian, and mesothelioma models. In MPM, 
BAY94-9343 treatment resulted in higher effi-
cacy when compared with cisplatin or peme-
trexed treatments, and similar activity of 
vinorelbine [29]. Similarly, although patients 
with advanced mesothelioma showed durable 
partial response in phase I trial [31], clinical eval-
uation of anetumab ravtansine in phase II trial 
showed no advantage in terms of PFS compared 
with vinorelbine treatment in locally advanced or 
metastatic MPM patients (NCT02639091) [32]. 
The combination of BAY 94-9343 with peme-
trexed and cisplatin is currently under evaluation 
in a phase I trial (NCT02639091) (Table 18.1).

18.1.2.4  CAR-T Cell Therapy
Recently, great advances have been made in the 
field of targeted cancer immunotherapy. In this 
contest, CAR (chimeric antigen receptor)-T 
cells therapy represents a promising strategy to 
activate a selective and persistent immune 
response, redirecting T cells toward tumor-spe-
cific antigen.

L. Urso and G. Pasello



267

CARs are engineered receptors composed of 
an antigen-specific extracellular domain (an 
antibody- derived single-chain Fragment variant 
(scFv)), a linking transmembrane domain and an 
intracellular T-cell activation domain (CD3ζ) 
[33]. In the second-generation CARs costimola-
tory signaling domains (e.g. CD28 and 4-1BB) 
have been included. This structure allows a full 
and persistent T-cell activation increasing T-cell 
proliferation and cytokines production [34]. T 
cells isolated from patients’ derived PBMC can 
be transduced to express CARs, expanded and 
reinfused to the patient. Anti-mesothelin CAR-T 
cell therapies are currently ongoing in different 
early phase (I/II) clinical trials (Table 18.1) aimed 
at testing safety and feasibility of CARTmeso 
therapy in chemotherapy refractory or recurred 
malignancies [35].

Systemic administration of CARTmeso ther-
apy may delay CAR-T cell homing in the micro-
environment of locally invasive tumors, limiting 
its efficacy. To overcome this limit, intrapleural 
administration of anti-meso CAR-T is under 
investigation in phase I dose escalation study in 
Malignant Pleural Disease (NCT02414269). The 
rationale of the study derived from preclinical 
experiments conducted in an orthotopic MPM 
mouse model shows higher activity of intrapleu-
ral administration of CARTmeso cells compared 
with intravenous infusion [36], probably due to 
an earlier CD4 CAR-T activation. CARTmeso 
cells used in this trial are also equipped with a 
safety switch system: the concomitant transduc-
tion of the inducible-caspase 9 gene. If needed, 
the gene can be activated through AP1903 admin-
istration inducing a rapid suicide of engineered T 
cells [37], thus increasing the safety of therapy.

18.1.2.5  Anti-mesothelin Vaccine
Stimulation of mesothelin-specific T-cell 
response is also the primary goal of anti- 
mesothelin vaccine therapy. To address this 
objective, a live-attenuated, double-deleted 
Listeria monocytogenes was engineered to 
secrete mesothelin in the cytosol of infected 
antigen- presenting cells (CRS-207) [38]. When 
tested in phase I trial (NCT00585845), CRS-207 
showed the ability to induce mesothelin-specific 

T-cell response associated with a good toxicity 
profile [39]. These favorable results encouraged 
the evaluation of anticancer activity of CRS- 
207  in combined therapy. CRS207 associated 
with cisplatin/pemetrexed is being evaluated in 
phase Ib trial (NCT01675765) in chemo naïve, 
unresectable MPM patients. Sixty patients have 
been enrolled and treated with CRS-207 before 
and after chemotherapy cycles (up to 6). CRS- 
207 maintenance treatment in responder subjects 
was also administered. A preliminary evaluation 
on 38 patients showed that the treatment was well 
tolerated and induced partial response in 59% of 
34 evaluable patients [40].

The association of CRS 207 with the PD-1 
immune checkpoint inhibitor pembrolizumab is 
currently under investigation in phase II trial 
aimed at evaluating objective response rate of the 
combined therapy in previously treated MPM 
(NCT03175172) (Table 18.1).

18.2  Conclusion

Mesothelin seems a promising target for malig-
nant pleural mesothelioma treatment, although 
multicenter clinical trials with monoclonal anti-
bodies or antibody–drug conjugates showed disap-
pointing results or are currently ongoing to confirm 
their antitumor activity in larger series. New meso-
thelin-targeted strategies such as CAR-T cells or 
vaccines seem promising, but the scientific com-
munity should wait for early phase trial results in 
order to plan a translation to clinical practice.
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Immunotherapy of Mesothelioma: 
Vaccines and Cell Therapy

A Focus on Dendritic Cell Therapy

R. A. Belderbos, R. Cornelissen, and J. G. J. V. Aerts

19.1  Introduction

Malignant pleural mesothelioma is an aggressive, 
deadly cancer and its pathological origin lies in 
the mesothelial cells that are present in the vis-
ceral and parietal pleura, which is the tissue 
 lining surrounding the lungs. Mesothelioma  
can also occur in the peritoneum, pericardium, 
and tunica vaginalis, but less frequently. 
Approximately 70–80% of mesotheliomas occur 
in the pleura. Evidence shows that there is a 
direct causal connection between patients with 
malignant pleural mesothelioma (MPM) and 
asbestos exposure [1]. Moreover, 10% of people 
who have had prolonged exposure to asbestos 
develop MPM.  Asbestos has been used exten-
sively in construction and other industries. The 
latency period depends on the amount of expo-
sure with a median time from exposure to diag-
nosis of 30–50 years [2]. This is the reason for a 
relative late ban of workplace usage of asbestos 
in the United States and Western European coun-
tries in the 1980s. Furthermore, countries such as 
China, India, and Russia are still producing 

asbestosis in large amounts and in Turkey envi-
ronmental exposure is still a hazard. Altogether, 
the incidence worldwide has not yet reached its 
peak and a future epidemic awaits countries 
mass-producing asbestos [1–3].

The exact etiology of MPM is still under 
debate. The best-known theory hypothesizes 
chronic pleural irritation as instigator of inflam-
mation with subsequent DNA damage, and even-
tually development of MPM. Histologically three 
phenotypes are described: epithelioid, sarcoma-
toid, and biphasic. The epithelioid variant 
accounts for approximately 60% of all mesothe-
liomas and is associated with favorable prognosis 
compared to the other two types [1].

In general MPM responds minimally to medi-
cal treatment. Current first-line treatment consists 
of antifolate and platinum combination chemo-
therapy which leads to an overall survival benefit 
of 3 months compared to single platinum-based 
chemotherapy [4]. Response rates to first-line 
treatment are 40% and result in an overall survival 
of 9–12  months. Unfortunately, not all patients 
are fit enough to receive chemotherapy. Surgery is 
only viable in a very early stage of the disease, 
which is seldom the case at the time of diagnosis, 
and even in these patients the benefit is doubted. A 
large randomized trial comparing extrapleural 
pneumonectomy to best supportive care showed 
no evidence for implicating extrapleural pneumo-
nectomy for MPM [5, 6]. Because of a great 
demand for effective treatment options in MPM, 
randomized trials with varying therapeutic targets 
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have been conducted. The majority of these trials 
failed to show efficacy for several therapies, such 
as tremelimumab (CTLA-4 checkpoint inhibitor), 
vorinostat (histone deacetylase (HDAC) inhibi-
tor), and defactinib (focal adhesion kinase (FAK) 
inhibitor) [1, 7]. However, the Mesothelioma 
Avastin Cisplatin Pemetrexed Study (MAPS) trial 
showed that concurrent treatment of bevacizumab, 
a monoclonal anti-VEGF antibody, to first-line 
treatment results in a significant survival benefit 
of 2 months [8]. Subsequently, France approved 
this combination as standard treatment for 
MPM. Nintedanib, a multitargeted tyrosine kinase 
inhibitor, is currently being tested (LUME- Meso 
trial), but unfortunately it has been disclosed that 
the primary endpoint (PFS) was not met [9]. 
Checkpoint inhibition of the programmed death 
receptor (PD-1) and programmed death ligand 1 
(PD-L1) in MPM showed response rates between 
9 and 25% in phase I/II trials. Results of a phase 
III trial for nivolumab (PD-1 inhibitor) in MPM 
patients, the CONFIRM-trial, are awaited [10]. 
There is an urgent need for new treatment modali-
ties that drastically improve survival and response 
rates in MPM patients.

Checkpoint inhibitors (CIs) reinvigorate anti- 
tumor immunity by blocking inhibitory signaling 
of tumor and suppressive immune cells. Not sur-
prisingly, the pre-treatment presence of tumor- 
infiltrating T cells (TILs) correlates to efficacy and 
response to CIs. Cancer vaccines, Dendritic cell 
(DC) therapy, and CAR T cell therapy are capable 
of inducing tumor (antigen)-specific T cells. 
Especially in MPM, a tumor with low mutational 
burden and low number of TILs, vaccination 
which induces tumor infiltration of tumor-specific 
T cells could be an effective treatment modality, 
possibly enhancing response to CIs. These cell 
therapies are currently upcoming in the cancer 
immunology field and will be discussed 
separately.

19.2  Antigen

One of the key aspects in the efficacy of vaccina-
tion and cellular therapy is the choice of the anti-
gen. This choice of antigen is one of great debate; 

the ideal target for cancer immunotherapy would 
be a tumor-associated antigen (TAA) that is 
exclusively expressed on all tumor cells, but not 
at all in normal tissues in order to avoid potential 
induction of autoimmunity. Also, the TAA should 
be essential for the malignant cell’s growth and 
survival, so that downregulation to escape the 
immunotherapeutic effect of the vaccine is 
impossible. In mesothelioma, Wilm’s tumor sup-
pressor gene 1 (WT-1), mesothelin, calretinin, 
fibroblast activation protein (FAP), telomerase 
and different cancer testis antigens (CTA) such as 
melanoma-associated antigen (MAGE), cancer/
testis antigen cancer-associated gene (GAGE), 
and synovial sarcoma X (SSX) gene families 
have been described as TAA [11–16], and have 
been used in different vaccination studies.

Currently, it is uncertain which antigen is the 
best target for immunotherapeutic treatment. In 
addition, most TAAs are self-derived proteins 
and thus in vivo poorly immunogenic.

Also, data do exist that targeting a single TAA 
has several possible drawbacks: These proteins 
are not expressed on the membranes of all MPM 
tumor cells. The efficacy of vaccination against a 
single or a few TAA is limited by peptide restric-
tion to a given human leukocyte antigen (HLA) 
type and the induction of CTL. Furthermore, the 
propensity of tumors to downregulate antigens, 
and so escape immunological detection, is a 
major disadvantage when using the single target 
approach. This process is called immunoediting. 
Therefore, it has now been described that prefer-
ably multiple antigens need to be targeted to 
obtain a long-lasting effective tumor-specific  
T cell response. This strategy decreases the pos-
sibility of tumor escape by eliciting a broader 
immune response.

Polyvalent therapeutic strategies, aimed at tar-
geting many antigens at once, may overcome 
these problems. One such strategy is to use tumor 
cell lysates, either from autologous or allogeneic 
background. The tumor cell lysates can be 
injected directly as vaccination or combined with 
dendritic cells. This can even be done without 
further defining the antigens. Tumor cells, by 
definition, express all relevant candidate TAAs, 
and this rich source of antigens contains epitopes 
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of both CD8+ T cells and CD4+ T cells. Tumor 
lysates might be advantageous in providing the 
full antigenic repertoire of the tumor and, partic-
ularly, unique tumor antigens, which will theo-
retically decrease the ability of tumors to evade 
the immune response by downregulation of a 
single antigen. Therefore, it diminishes the 
chance of tumor escape compared to using single 
epitope vaccines.

To generate an autologous whole tumor lysate 
a number of logistic challenges exist. This is 
hampered by the need of sufficient autologous 
tumor material, both in quality and in quantity to 
either directly load the dendritic cells or derive 
cell lines from. This is only the case in a small 
proportion of patients screened.

The use of allogeneic lysate to inject directly 
or pulse DC has many advantages: access to a 
sustained and virtually limitless source of TAA, it 
allows standardization and large-scale produc-
tion with constant quality and composition of the 
vaccines and reliable comparative analysis of 
clinical outcome facilitated. In addition, the pro-
duction process is less laborious, with simple 
logistics and increased cost-effectiveness.

A method of allogeneic lysate loading of DCs 
was first demonstrated in MPM from pre-clinic to 
clinic by our group [17]. It showed that this 
method was feasible and safe. In addition, radio-
logical responses were seen in patients, warrant-
ing further study.

19.3  Cancer Vaccine 
for Mesothelioma

Since Rudolf Virchow discovered leukocytes to 
be present in cancerous tumor material in the 
nineteenth century, inflammation and carcino-
genesis have been linked to each other. The pro-
tective role of the immune system in cancer 
development has only recently been revealed. 
This process is called immunosurveillance, 
whereby immune cells eliminate tumor cells 
upon recognition.

During carcinogenesis numerous genetic 
mutations cause a loss of normal cellular meta-
bolic processes. These changes are necessary for 

tumor development and rapid proliferation of 
cancer cells and cause upregulation of tumor- 
associated antigens (TAAs) such as neo-antigens, 
differentiation antigens, or cancer testis antigens 
on the cell surface (see former paragraph). Upon 
cancer cell death, calreticulin (CRT) is expressed 
on the cell surface and works as an engulfment 
signal for DCs. Secretion of ATP and high mobil-
ity group box 1 (HGMB-1) during apoptosis 
enhance DC migration and antigen presentation 
to T cells. This process of apoptosis is referred to 
as immunogenic cell death (ICD). DCs are the 
most effective antigen-presenting cells and capa-
ble of cross-presentation of antigen, which is a 
mechanism where engulfed proteins are pre-
sented in major histocompatibility complex class 
I (MHC I) in stead of MHC II. In this way DCs 
can present antigen in MHC class I as well as II, 
thereby activating both CD4+ T cells and CD8+ T 
cells. After phagocytosis of TAAs, DCs mature 
and migrate to the lymph node to present TAAs 
to naïve CD4+ and CD8+ T cells. During this pro-
cess of antigen presentation three signals have to 
be given by a DC to a T cell in order to activate 
the T cell. These signals are: presentation of the 
antigen (signal 1), co-stimulation through surface 
molecules (i.e. CD 40, CD 80, CD 86) (signal 2) 
and secretion of pro-inflammatory cytokines (i.e. 
IFN-y, IL-12) (signal 3). Antigen presentation 
without signal 2 and 3 will lead to tolerance. 
After being activated, tumor- specific T cells 
migrate to the tumor and elicit their cytotoxic 
effect upon antigen recognition on tumor cells 
[18, 19].

This whole process of immunosurveillance 
leading to anti-tumor immunity can be hampered 
at every step by the tumor. During the first step, 
the TME can cause cancer cell death to be tolero-
genic instead of immunogenic. This is achieved 
by inducing tolerogenic phagocytosis through 
secretion of immunosuppressive cytokines lead-
ing to immature DCs and antigen presentation 
destitute of signal 2 and 3. Furthermore, cancer 
cells can downregulate their antigen presentation 
on the cell surface making them invisible to 
tumor-specific T cells. To overcome this mecha-
nism of immune evasion by tumor cells, cancer 
vaccines aim to induce antitumor responses 
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in vivo. Cancer vaccines can contain autologous 
tumor lysates, allogeneic tumor cell lysates, sin-
gle or multiple peptides. DC maturating stimuli 
can be given simultaneously to support the initia-
tion of an immune response. Peptides used in 
cancer vaccines can vary in length to fit onto 
MHC I and MHC II molecules enabling CD4+ 
and CD8+ T cell activation. In 98% of MPM 
tumors, immunohistochemical staining shows 
expression of Wilms’ tumor 1 (WT1) antigen. 
WT1 gene, first cloned in pediatric kidney can-
cer, is overexpressed in multiple hematological 
and solid tumors and has been defined as the 
most important cancer antigen [20].

A cancer vaccine called Galinpepimut-S, 
consisting of four WT1 peptides of different 
lengths, has been used in MPM patients [21]. In 
this phase II trial patients received either 
Galinpepimut-S with adjuvant granulocyte-mac-
rophage colony- stimulating factor (GM-CSF) 
and Montanide or GM-CSF and Montanide 
without Galinpepimut-S.  Patients were eligible 
for participation if they had received multimo-
dality therapy consisting of combination chemo-
therapy and/or radiotherapy and pleurectomy/
decortication or extrapleural pneumonectomy. 
There was not enough power in this study to 
objectively compare efficacy between these two 
different treatment strategies. Additionally, the 
study closed early because of futility in the non- 
vaccinated arm. Despite all this, a non-signifi-
cant improvement of PFS and OS was seen of 
36% and 25%, respectively. Immunological 
analysis was done on less than half of the 
patients. In the vaccine-treated arm 4 out of 8 
patients tested positive for a CD4+ T cell prolif-
eration assay. Two out of 3 patients were eligible 
for tetramer analysis and tested positive for both 
IFN-y ELISPOT assay and the tetramer assay. 
These results were inconclusive and did not cor-
relate to clinical outcome. The clinical results 
were not supported by immunological analysis 
and still have to be confirmed by a phase III ran-
domized controlled trial, which is currently 
approved by the FDA and is pending. 
Galinpepimut-S uses one specific antigen (WT1) 
for priming the anti-tumor immune response. As 
stated before, most of the MPM tumors express 

WT1 antigen on the cell surface. However, stud-
ies have shown that MPM is a very heteroge-
neous tumor and antigen expression varies a lot 
between different histological types and also the 
level of expression is highly variable, ranging 
from >50% to 1% for WT-1 [20]. Response to 
therapy with vaccination against WT1 antigen 
can therefore vary in effectivity. Moreover, 
tumor cells can escape the initial immune 
response by a process called immunoediting. 
Immunoediting can be divided into three phases: 
Elimination, Equilibrium, and Escape [22]. The 
elimination phase essentially is comparable to 
normal immunosurveillance, where the anti- 
tumor immune response kills tumor cells. During 
the equilibrium phase, cancer cells with a non- 
immunogenic (i.e. non-WT1  expressing) pheno-
type get positively selected. This process of 
selecting non-immunogenic, immune-escaping 
cells can take long time. In the last phase 
(Escape), control on the tumor cells is lost and 
unlimited proliferation takes place. The cancer 
cells have escaped the anti-tumor immunity. 
This whole process of immunoediting is easier 
when there is only one specific antigen immune 
response to escape from.

Another reason for impaired efficacy of can-
cer vaccines in MPM encompasses the DCs 
themselves. All major DC subtypes (cDC1, 
cDC2, and pDC) are lower in numbers and func-
tionality in MPM patients compared to healthy 
controls. DCs do not upregulate their activation 
and co-stimulatory markers in response to matu-
ration stimuli. This means that administration of 
concurrent maturation stimuli next to cancer vac-
cination does not lead to maturation and subse-
quently could lead to antigen presentation in the 
absence of signal 2 and 3 and thus induce toler-
ance. Tumor-induced immunosuppresion could 
be the cause for the impaired functionality of 
DCs. The amount of tumor load is associated 
with a higher level of immunosupppresion. 
Reduction of tumor load with surgery could ben-
efit DC function in MPM patients. In the 
Galinpepimut-S trial patients were selected that 
received surgery. However, most MPM patients 
get diagnosed in a late stage and are not eligible 
for surgery, making tumor reduction and there-
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fore reducing immunosuppression not possible. 
Moreover, implementing the treatment sequence 
of the Galinpepimut trial in everyday practice is 
not feasible for the majority of MPM paitents.

Concluding, MPM is a treatment-resistant 
cancer with a heterogenous histology. Current 
attempts targeting the immune system with can-
cer vaccines have not yet proven to be effective. 
This could be due to immunoediting of the tumor, 
the use of single peptide vaccines and reduced 
numbers and functionality of DCs in MPM.

19.4  DC Therapy

A comprehensive understanding of the role of 
DCs in the immune system and the exact process 
of antigen processing and presentation helped 
researchers develop new vaccination therapies. 
Therapies improving DC function can obviate the 
problem of low numbers and less functional DCs 
in MPM which hampered cancer vaccine efficacy. 
Moreover, a meta-analysis in patients with 
NSCLC showed a significant benefit of cellular 
therapies (dendritic cell-based immunotherapy 
and chimeric antigen receptor T cell therapy) over 
peptide cancer vaccination [23].

Different forms of DC therapy do exist rang-
ing from in vivo activation of DCs to ex vivo gen-
eration and loading of DCs.  Live-attenuated 
Listeria monocytogenes (Lm) can target DCs 
in  vivo and Lm vaccines loaded with TAAs 
showed efficacy in animal models and promising 
clinical results in human trials. Mesothelin has 
been used as a TAA in Lm vaccines because of its 
high expression on several solid tumors, such as 
pancreatic carcinoma, mesothelioma, and ovar-
ian cancer. One specific mesothelin-targeted Lm 
vaccine, CRS-207, has been tested in a phase  
I clinical trial where 63% of patients had a  
partial response and 29% had stable disease with 
an median PFS of 7.4  months (https://www. 
ejcancer.com/article/S0959-8049(16)30316-1/
abstract). Another way of targeting DCs in vivo is 
with GM-CSF-secreting allogeneic tumor cells 
(GVAX). In the above mentioned and discussed 
Galinpepimut-S trial, GM-CSF was added to the 
cancer vaccine to create the same effect. GVAX 

followed by CRS-207 treatment led to increased 
overall survival in pancreatic cancer patients sug-
gesting possible synergy between these immuno-
therapies. Phase II and III trials have been 
instigated with CRS-207  in combination with 
other treatment modalities (checkpoint inhibi-
tors, GVAX, chemotherapy) (NCT 01675765, 
NCT03175172, NCT02243371). However, all of 
these trials are still not recruiting.

Ex vivo DC therapy is another way to generate 
functional DCs that can be loaded with TAAs. An 
advantage of ex vivo DC generation is that it cir-
cumvents the immunosuppressive effect of the 
tumor on DCs. DCs for DC therapy can be gen-
reated from monocytes that are cultured with 
GM-CSF and interleukin (IL)-4. These DCS are 
reffered to as monocyte derived DCs (moDC). 
However, with the recent development of immu-
nomagnetic isolation, naturally occuring DCs 
(nDC) can be directly selected from the apheresis 
product resulting in a shorter maturation process 
and possibly increased immunological and migra-
tory potential than in moDC therapy. In a phase 1 
trial in 14 melanoma patients, nDC therapy 
resulted in promising PFS and anti-tumor specific 
immune responses which warrants further research 
in large randomized trials [24]. In mesothelioma 
nDC therapy has not yet been evaluated.

moDC therapy involves isolation of mono-
cytes from the peripheral blood and pulsing them 
with antigen followed by addition of maturation 
stimuli providing signal 2 and 3. Reinjection of 
already activated and matured DCs will circum-
vent the barrier of immunosuppressed and low 
functioning DCs. During culture a wide array of 
methods can be used to pulse DCs such as syn-
thetic peptides coding for TAAs, autologous or 
allogeneic whole tumor lysates, RNA or DNA 
electroporation and immunogenic cell death 
(ICD)-based lysates. Autologous WT1 messen-
ger (m)RNA- loaded DCs showed promising 
results in uterine, ovarian and endometrial can-
cer, MPM and acute myeloid leukemia. Seven 
out of 10 MPM patients treated with this DC 
therapy had stable disease with an overall sur-
vival from start of chemotherapy of 35.7 months 
[25]. As WT1 is highly expressed in MPM, a 
clinical single arm phase I/II trial (MESODEC-
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trial) evaluating the effect of Wilms’ Tumor pro-
tein 1 (WT1)-targeted DC therapy has started and 
is currently recruiting (NCT02649829). In this 
trial, DC therapy will be used in conjunction with 
first- line chemotherapy and hopefully provide 
safety and feasibility for the use of DC therapy 
next to chemotherapy in MPM. In mRNA-pulsed 
DC therapy multiple naturally processed peptides 
are presented in both MHC class I and II which 
broadens the repertoire of responding lympho-
cytes compared to peptide loaded DC therapy. 
However, using only one TAA, such as WT1, to 
load DCs leads to a single antigen-specific anti-
tumor immune response which can be eveded by 
tumor cells through immunoediting.

Apart from WT1 mRNA pulsed DC therapy, 
tumor lysate-pulsed DC therapy is upcoming in 
MPM. Pulsing DCs with tumor lysate leads to a 
broad spectrum of antigens that are potentially 
presented to naïve T cells, which induces a broad 
anti-tumor response possibly troubling the 
immune escape of tumor cells. Autologous tumor 
lysate-pulsed DC therapy was safe and effective 
in murine models. Autologous tumor lysate-
pulsed DC therapy showed promising efficacy, 
radiological responses, and ongoing survival up 
to 6 years after diagnosis in MPM patients [17, 
26, 27]. Safety and feasibility were also estab-
lished. Pleural effusions, tumor biopsies or surgi-
cal tumor resections were used to generate 
autologous tumor lysate. This was well tolerated 
but the varying quality and amount of available 
tumor material made treatment of some patients 
impossible and averted upscaling this DC therapy 
to a larger scale. Allogeneic tumor lysate could 
be an “off-the-shelf” source of TAA with a broad 
spectrum of antigens that enables upscaling of 
production. This allogenic tumor lysate was pre-
pared from tumor cell lines derived from malig-
nant cells in pleural effusions of 5 MPM patients. 
Allogeneic tumor lysate-pulsed DC therapy 
proved to be just as effective in murine models as 
autologous tumor lysate-pulsed DCs. 
Furthermore, safety and feasibility were estab-
lished in humans in a phase I trial that also 
showed radiological responses and ongoing sur-
vival of 45 months in 3 out of 9 patients [28]. To 
prove efficacy, a multicenter phase III random-

ized trial (DENIM-trial) has started 
(NCT03610360). Patients with MPM without 
progression after 4–6 cycles of first line chemo-
therapy are randomized to receive either DC 
immunotherapy plus Best Supportive Care (BSC) 
or BSC according to the discretion of the local 
investigator. In this study the efficacy of alloge-
neic DC immunotherapy will be evaluated.

In conclusion, DC therapy instigates a potent 
and broad anti-tumor immune response that can 
circumvent the immunosuppressive influence of 
MPM on DCs. Phase I/II/III clinical trials are 
being conducted to determine optimal vaccina-
tion strategy, dosing, and antigen loading.

19.5  CAR T Cells

T cells are the effectors of the anti-tumor immune 
response. They hunt down and kill abnormal 
cells, including cancer cells. Apart from eliciting 
an immune response through targeting DCs, 
directly targeting T cells could also be an option 
for anti-cancer immunotherapy. This T cell ther-
apy was shown to be effective in hematological 
malignancies.

Adoptive T cell therapy is limited in efficacy 
since a number of cancer cells are not recognized 
by T cells. This can be due to various mecha-
nisms such as the limited availability of tumor-
specific T cells, deficiencies in antigen processing 
or major histocompatibility complex (MHC) 
expression of cancer cells. Chimeric antigen 
receptors (CAR) are fused receptors engineered 
to provide antigen specificity to T cells against 
TAAs on the cell surface of target cells. Patient’s 
T cells are engineered ex  vivo with pre-defined 
specificity by a recombinant CAR. The specific-
ity of CAR- mediated T cell recognition is defined 
by the antibody domain, is independent of MHC 
presentation, and can be extended to any target 
for which an antibody is available [29].

Currently, there are three generations of 
CARs: First-generation CARs consisted of an 
extracellular domain that bound the tumor anti-
gen via a single-chain variable antibody fragment 
that was fused to a CD3ζ intracellular activating 
domain. The effectivity of this first generation of 
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CARs was hampered by the inability of the CD3ζ 
chain to adequately activate resting T cells. 
Therefore, second-generation CARs were devel-
oped with a co-stimulatory intracellular signaling 
domain in tandem with the CD3ζ chain. This 
improved anti-tumor efficacy in vivo. The third- 
generation CARs incorporated a CD3ζ domain, 
and two co-stimulatory domains within their 
cytoplasmic tail. These third-generation CARs 
have demonstrated superior antitumor efficacy 
compared with second-generation CARs.

CARs are transduced into autologous T cells 
using viral or non-viral gene transfer systems to 
achieve permanent CAR expression or using 
messenger RNA electroporation to achieve tran-
sient expression for assessment [30]. Following 
transduction, these CAR T cells can be expanded 
ex vivo in specialized facilities and re-infused to 
the patient, either systemically or regionally.

CARs targeting the B-cell antigen CD19 have 
good results in clinical trials for a number of non- 
solid malignancies, such as non-Hodgkin lym-
phoma and acute lymphoblastic leukemia [31, 
32]. The results have pushed the development for 
CARs in solid tumors, including MPM.

As stated above, CARs need a specific and 
highly expressed antigen in mesothelioma. The 
drawbacks of using a single antigen are dis-
cussed earlier in this chapter. In clinical trials 
treating MPM patients with CARs, two such 
candidate target TAAs are currently being inves-
tigated in clinical trials: mesothelin, which is 
overexpressed on the tumor cells, and fibroblast 
activation protein (FAP) that is overexpressed on 
tumor stromal cells.

19.5.1  Mesothelin CARs

Multiple phase I clinical trials using mesothelin 
CARs have been performed or are currently recruit-
ing (NCT01355965, NCT01583686, 
NCT02159716, NCT02414269, and 
NCT02580747). Mesothelin CAR appeared feasible 
and safe in most patients. Although in one patient, an 
immediate serious anaphylactic reaction was noted 
during the third mesothelin CAR T cell infusion. 
The anaphylactic reaction was attributed to the 

immunogenicity of the murine SS1 antibody related 
single-chain variable fragment (scFv) used in the 
CAR construct. In all trials reported so far no clinical 
responses were seen. The trafficking of T cells to the 
tumor is regarded as the main obstacle for lack of 
efficacy in solid tumors. Therefore, intrapleural 
delivery is used by investigators at the Memorial 
Sloan Kettering (NCT02414269) in an attempt to 
overcome this drawback of CARs.

19.5.2  FAP CARs

Targeting the stroma in MPM patients could also 
be beneficial; targeting these stromal cells can 
modify the tumor microenvironment (TME) and 
improve the efficacy of other systemic therapies. 
Stromal cells are more genetically stable than 
tumor cells and therefore less likely to lose anti-
gen expression. FAP, a transmembrane serine pro-
tease, is highly expressed in all MPM subtypes, 
therefore making it a logical target. Currently, a 
phase I clinical trial is ongoing, also using intra-
pleural administration (NCT01722149).

19.6  Combination Therapies 
with DC Therapy

Overall response rates to DC therapy lie around 
15% in all solid tumors including MPM [33]. This 
is hypothesized to have several reasons or explana-
tions. An underestimation of the clinical response 
due to the use of. Response Evaluation Criteria in 
Solid Tumor (RECIST) criteria for solid tumors 
could explain the response rates to DC therapy. 
For MPM these criteria do not comply with the 
circular growth pattern across the outer linings of 
the lung. Modified RECIST criteria should com-
pensate to a certain extent for the peculiar growth 
pattern of MPM. However, this evaluation method 
has a great inter-observer variability and thus is 
not perfect either. Additionally, RECIST criteria 
underestimate the response to immunotherapy 
(checkpoint inhibitors (CIs)) with approximately 
15% [18, 34]. This could be due to “delayed 
response” because immune activation takes time, 
but also due to a phenomenon called “pseudopro-
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gression” where the tumor volume increases after 
infiltration of T cells. Immune- related response 
criteria (irRC) give a more accurate representation 
of response to immunotherapy, especially CIs. 
Another important reason for the relatively low 
response rates to DC therapy probably is the 
immunosuppressive influence of the tumor and 
TME on the anti-tumor immune reponse. As stated 
earlier, in every step of the process of an anti-
tumor response, the tumor can interfere with the 
immunological response. Tumor cells create their 
“own” TME through secretion of cytokines and 
chemokines leading to migration of certain immu-
nosuppresive immune cells to the tumor. 
Furthermore, immune cells that are originally 
inflammatory can be suppressed or skewed into an 
immunosuppressive phenotype by tumor cells. 
The main immunosuppressive cells present in the 
TME are regulatory T cells (Treg), myeloid- 
derived suppressor cells (MDSC), and tumor- 
associated macrophages (TAM).

Tregs can induce immune suppression directly 
through cell–cell contact (i.e. inhibitory receptors 
PD-1, CTLA-4) or indirectly through secretion of 
immunosuppressive cytokines (IL-10, TGF-b) or 
pore-forming proteins (granzyme, perforin). 
Increased levels of Tregs are correlated to poor 
clinical outcome in multiple solid tumors, such as 
lung, head and neck, gastrointestinal and pancre-
atic malignancies and melanoma and glioblas-
toma. Depletion or suppression of Tregs can be 
established by several therapies such as low-dose 
chemotherapy, anti-CD25 mAb, and CI.  In a 
phase I trial MPM patients received DC therapy 
with concurrent low-dose cyclophosphamide, 
which resulted in radiological responses and 
long-lasting survival with ongoing survival up to 
8 years after diagnose [17].

MDSCs can exert their immunosuppressive 
function by inducing Tregs or inhibition of 
tumor-specific T cells. High levels of MDSCs at 
baseline correlate to poorer overall survival time 
in several cancer types. MDSCs can be depleted 
by (low-dose) gemcitabine and 5-fluorouracil 
(5-FU). The functionality can be influenced by 
cyclooxygenase-2 (COX-2) inhibition. In a MPM 
murine model, COX-2 inhibition combined with 
DC therapy led to refinement of DC therapy and 

decrease of numbers of MDSCs and a change 
from an immunosuppressive phenotype to a mor 
inflammatory phenotype [35].

TAMs can be categorized into two main phe-
notypes. The M1 phenotype causes inflammatory 
signaling by secretion of pro-inflammatory cyto-
kines, interleukins, and tumor necrosis factor-a 
(TNF-a). The M2 phenotype is linked to T-helper 
2 cell responses and is responsible for tissue 
remodeling and associated with tumor progres-
sion. TAMs can be depleted by CSF1R blockade 
or skewed into a more favorable M1 phenotype 
by CD-40 agonistic antibodies. In pancreatic can-
cer models, depletion of TAMs led to enhance-
ment of CI efficacy [36].

In conclusion, influencing different immune 
cell subsets in the TME with conventional treat-
ments, such as chemotherapy, could lead to off 
the shelf immune modulating agents with the 
potential of enhancing DC therapy, CAR T cell 
therapy, or cancer vaccines.

Additionally, inhibitory surface molecules 
(PD-(L)1, CTLA4, TIM-3 LAG-3) present on 
tumor cells and immune cells can hamper anti- 
tumor immunity. CIs restore tumor-specific T cell 
activity by blocking inhibitory signaling of tumor 
cells or other immunosuppressive cells in the TME 
or lymph nodes. Great results have been booked in 
the development of immunotherapy that led to the 
registration of anti-CTLA-4 (durvalumab), anti 
PD-L1 (atezolizumab, durvalumab, and ave-
lumab), and anti PD-1 (nivolumab and pembroli-
zumab) monoclonal antibodies (mAB). These 
registrations are in tumors with a high mutational 
burden, such as melanoma and non-small cell lung 
cancer (NSCLC), that have a higher level of TILs 
and subsequently relative high response rates of 
57% are reported. Phase II trials did not prove effi-
cacy of these treatment modalities in 
MPM.  Response rates for CI in MPM vary 
between 9% and 25% [37]. CTLA-4 and PD-1 are 
both inhibitory molecules with different regula-
tory mechanisms. CTLA-4 regulates T cell prolif-
eration primarily in the lymph node at the antigen 
presenting side. Whilst PD-1 inhibits the tumor-
specific T cells mainly at the tumor site in the 
peripheral tissues. Concurrent treatment with these 
modalities could be beneficial and showed promis-
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ing results in a phase II trial (NIBIT-MESO-1). 
Furthermore, the CheckMate 743 trial 
(NCT02899299) will compare current first-line 
treatment to nivolumab and ipilimumab combined, 
it has completed the recruitment of 600 patients, 
making it the largest trial on immunotherapy in 
mesothelioma and results are eagerly awaited. 
Combining CIs often leads to increased immune-
related toxicity. Thus, combining one of these 
treatments with cellular therapy, which has a 
favorable side-effect profile, could lead to less tox-
icity. To summarize, cellular therapy can be ham-
pered by inhibitory molecules and the efficacy of 
CIs correlates with high numbers of tumor-infil-
trating lymphocytes. As cellular therapy induces 
tumor-specific T cell activation and migration to 
the tumor, this rationalizes a two-sided synergy 
between these treatment modalities.

19.7  Conclusion

Immunotherapy has revolutionized cancer treat-
ment in a number of malignancies. Most break-
throughs have been derived from antibodies 
targeting PD-1/PD-L1. In mesothelioma, promis-
ing clinical results with these antibodies have 
been shown, but only in a minority of patients 
and responses are not durable.

This seems related to the absence of an 
 activated T cell response to the tumor. DC ther-
apy, T cell therapy or cancer vaccines may 
increase the number of tumor-directed T cells 
and in this way activate the immune system 
toward the tumor. Elaborate studies among which 
numerous randomized trials, are currently under-
way and more are planned to investigate the effi-
cacy of these novel treatments.
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Immunotherapy, the Promise 
for Future of Mesothelioma 
Treatment?

S. Brosseau, V. Gounant, and G. Zalcman

20.1  Introduction

Understanding the interplay between cancer, 
cancer- associated fibroblasts (CAFs) and 
immune cells (T-cells, monocyte-macrophages, 
pre-dendritic, and dendritic cells) within the 
malignant pleural mesothelioma (MPM) micro-
environment is important in developing novel 
therapies for MPM patients [1] (see Fig.  20.1). 
Through chronic inflammation due to asbestosis 
fibers deposit in pleural space or deep lung, the 
immune system has been suspected to play a 
major role in MPM pathogenesis although yet 
imperfectly understood. Improved outcome was 
reported to correlate with higher intra-tumor 
infiltration by cytotoxic T CD8+ cells [2]. 
Conversely, we will see in the current review that 
high tumor expression of programmed cell death- 
ligand 1 (PD-L1), inhibiting T cell function via 
binding the programmed cell death-1 (PD-1) pro-
tein at the T-cell surface, has been associated with 

poor prognosis in mesothelioma patients. Among 
the different immunotherapies evaluated so far to 
restore anti-tumor immune response in cancer, 
immune checkpoint inhibitors (ICI) have gener-
ated the most attention based on their clinical 
efficacy, particularly in melanoma and non-small 
cell lung cancer (NSCLC) [3]. Cytotoxic T 
lymphocyte- associated protein (CTLA-4) is one 
of these checkpoint inhibitor proteins, expressed 
at cell surface of naïve T-cells, which interacts 
with B7 protein expressed by antigen presenting 
cells (APC), such as dendritic cells, this interac-
tion impairing T-cell activation by APC, early in 
the immune response, at the so-called “priming” 
phase, presumably in regional lymph nodes close 
to cancer sites. The PD-1/PD-L1 pathway is gen-
erally thought to play a role within the tumor 
microenvironment itself, at the effector phase of 
immune response to cancer [3] (see Fig. 20.2). In 
fact, such a dichotomization is probably simplis-
tic, since CTLA-4 proteins are also expressed by 
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T-cells infiltrating the tumor tissue, and since 
PD-L1 protein is expressed by both immune and 
tumor cells. However, in contrast with historical 
studies using systemic or local, intra-pleural 
interleukin 2 or vaccines which will not be 
 developed here, several studies assessing ICI tar-
geting the PD-1/PD-L1 pathway generated prom-
ising results that will be the main topic of this 
chapter.

20.2  Biological Background

Yamada et al. revealed that lymphocyte infiltra-
tion was correlated with an improved clinical 
outcome and might play a pivotal role in the anti-
tumor immune response against MPMs [2]. 
However, host immune response against cancer 
cells was shown to be tightly and negatively regu-
lated by the complex Programmed Death-1 (PD- 
1) and its main ligand PD-L1. The current view is 
that cancer cells expressing PD-L1 inhibit CD4+ 
and CD8+ T-cell activation in  vitro or lead to 
T-cell apoptosis, allowing tumor growing without 
any anti-tumor response in vivo.

While clinical efficacy of ICI, leading to regis-
trations of such drugs, has been claimed to cor-
relate with high tumor mutational burden such as 
in melanoma or NSCLC patients, mesothelioma 
was consistently reported to harbor low numbers 
of mutations per megabase of genomic DNA [4], 
and thus should not have exhibited exquisite sen-
sitivity to ICI targeting PD-1/PD-L1. It was prob-
ably a too simplistic interpretation of first 
biological-clinical correlations, since rather than 
mutational burden by itself, it is probably the 
type of mutated genes that drive the effect of 
mutational burden and plays a major role. Indeed, 
in colorectal cancer, mutations or expression of 
the genes responsible for micro-satellite instabil-
ity are clearly associated with response to ICI, 
probably generating a higher content of tumor 
neo-antigens. In the same way, the major gene 
driving the effect of mutational burden in NSCLC 
was shown to be p53 [5], possibly both by its 
high intrinsic immunogenicity when mutated, 
and by its role on DNA stability and repair, p53 
alterations being associated with higher genetic 

instability. Which genes could then drive poten-
tial efficacy in MPM remains unclear, since p53 
mutation rate is much lower than in other tumor 
types. p16 and BAP-1 could possibly drive such 
effect as they could both regulate cell cycle arrest 
and DNA repair or chromatin remodeling. Hippo 
genes pathway alterations (RASSF1A and NF2, 
but also MST1/hippo or LATS2) [4], by govern-
ing Yes-Associated Protein (YAP) transcriptional 
co-activator activity state, could also influence 
anti-tumor immune response, YAP controlling 
transcription of multiple immune genes such as 
the cytokine CXLC5, able to attract CXRC2- 
expressing myeloid-derived suppressor cells 
(MDSC) [6], while cross-talks between Hippo/
YAP pathway and TGF-β or JAK-STAT path-
ways involved in immune response regulation 
have been extensively described [7]. But still, 
MPM was not initially anticipated to be particu-
larly responsive to ICI on the basis of its genetic 
background. However, the rich inflammatory 
stromal component of these tumors, especially in 
the sarcomatoid or biphasic subtypes led to the 
commune view of a so-called “hot” tumor, with 
tumor stromal infiltration by mono-macrophage 
cells, T-lymphocytes, or even neutrophils (see 
Fig.  20.1). Two retrospective studies actually 
showed that PD-L1 tumor expression was related 
to worse outcome in MPM patients [8, 9].

Mansfield et  al., using the anti-PD-L1 clone 
5H1-A3 antibody and reported a 40% positivity 
rate in 106 patients, when both cytoplasmic and 
membranous staining were considered with a 5% 
cutoff [9]. When their analysis was restricted to 
exclusive membranous staining, which seems to 
be more relevant and specific, only 24% of their 
specimens were scored as positive. Cedrés et al. 
found 20% positivity in their 77 specimens out of 
a 119 retrospective series, with E1L3N monoclo-
nal antibody from Cell Signaling technology™, 
and a generally admitted 1% positivity cutoff [8]. 
Again, both cytoplasmic and membranous tumor 
cells staining were considered, in a series com-
prising a large majority of epithelioid MPM.

More recently, an Australian group [1] used 
tissue microarrays and E1L3N clone, from 311 
specimens (of which 30% non-epithelioid 
 subtypes), the largest series of MPM patients 
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analyzed in the literature to date. While PD-L1 
membranous expression in 5% or more tumor 
cells, regardless of intensity, was shown in 42% 
of patients, only 9.6% had high PD-L1 positivity, 
of moderate to high intensity in at least 50% 
tumor cells, which correlated with non- epithelioid 
histology (double number of PD-L1 highly 
expressing tumors as compared with epithelioid 
tumors). In this large series of patients, PD-L1 
tumor expression was reported to correlate with a 
significantly worse overall survival (OS) 
(5.33  months of median survival vs. 11.33 and 
13.5, in patients with highly positive, positive, 
and negative PD-L1 staining, respectively, 
HR  =  2.37). This poorer prognosis was main-
tained when both histological categories (epithe-
lioid and non-epithelioid) were analyzed 
separately and in multivariate analysis. By con-
trast, CD4-positive, CD8-positive, or FOXP3- 
positive (T-reg) infiltration (see Fig.  20.1), as 
evaluated by a semi-automated image quantifica-
tion method, expressed as the number of T-cells 
per 10,000 tumor cells, and then dichotomized by 
the median, did not correlate with survival, 
although high infiltrations of each of these three 
cell T-cell subsets was significantly associated to 
high expression of PD-L1 staining. The role of 
mono-macrophage or dendritic cells infiltration 
was not studied while both anti-tumor macro-
phages type 1 (M1) and pro-tumorigenic macro-
phages type 2 (M2) are found in the MPM tumor 
microenvironment (see Fig. 20.1) [10]. The major 
caveat of such study was the use of therapeutic 
monoclonal antibody (TMA), which could not 
have assessed the huge tissue heterogeneity of 
MPM specimens, some parts of the tumors 
expressing high content of PD-L1+ cells, while 
others being totally devoid of such cells.

In an Australian cohort of 46 MPM patients 
treated off-label by the anti-PD-1 pembrolizumab 
(n = 45) or the anti-PD-L1, BGB-A317, mainly 
in second- or more line setting (43/46  =  93%), 
PD-L1 expression was assessed with the E1L3N 
antibody, with 5% of tumor cells membranous 
staining as a cut-off for positivity [11]. They had 
predominantly epithelioid (n  =  32/46; 70%). 
PD-L1 testing was performed in 14 samples, with 
PD-L1+ in 5 (36%) and PD-L1 high (over 50% of 

tumor cells stained) in 4 (29%). PD-L1high  >  50% 
subjects exhibited 50% overall response rate 
(ORR) vs. 22% in PDL1-negative patients and 
40% in PD-L1+ patients. progression-free sur-
vival (PFS) and OS were greater in both PD-L1+ 
(PFS HR: 0.26) and PD-L1hi (PFS HR: 0.17), 
although not significantly because of the low 
numbers. PD-L1+ positivity remained a border-
line predictor of improved survival on multivari-
ate analysis (p = 0.06), suggesting here a possible 
positive predictive value in these immunotherapy- 
treated patients.

In the MAPS phase 3 study [12], using E1L3N 
clone in diagnostic specimens from 214 patients 
accrued with remaining available tissue, a cut-off 
set at 1% of membranous staining regardless of 
intensity, only 36% of patients were scored as 
positive, again with a significantly higher rate of 
positivity in sarcomatoid or biphasic tumors 
(68% of positive specimens as compared 29.6% 
in epithelioid, with p  <  0.001) (G.  Zalcman, 
S.  Brosseau, personal unpublished data). With 
this 1% cut-off, there was no impact of PD-L1 
tumor positivity on OS in multivariate analysis 
including stratification prognostic variables of 
the randomized trial, even if median OS was 
12.3  months in patients with PD-L1 positive 
tumors, vs. 22.2 in patients with PD-L1 negative 
patients, suggesting a possible lack of power.

Raffit Hassan’s group studied tumor samples 
from 65 patients, as malignant effusions from 
patients with pleural and peritoneal mesotheli-
oma, for PD-L1 expression, both on tumors cells 
and infiltrating lymphocytes [13]. They found 41 
(63%) were PD-L1-positive (with a 5% cut-off 
for positivity, but they did not detail the antibody 
used), and exhibited a poorer OS (although not 
statistically significantly: median 23.0 vs. 
33.3 months). More interestingly, in nine meso-
thelioma effusion samples evaluated, the investi-
gators were able to show that there was a fraction 
of floating cells expressing PD-L1 ranging from 
12% to 83%. In seven patients with paired malig-
nant effusion and peripheral blood mononuclear 
cell (PBMC) samples, PD-L1 expression was 
significantly higher on CD3-positive T cells iden-
tified in malignant effusions, as compared with 
PBMCs (p  =  0.016). The numbers of CD14- 
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positive PD-1-positive cells were also increased 
in malignant effusions compared with PBMCs 
(p  =  0.03). Accordingly, the lymphocytes con-
tained in malignant effusions recognized autolo-
gous tumor cells as shown by induced 
interferon-γ-mediated PD-L1 expression on the 
tumor cell surface. These experiments showed 
there actually was an anti-tumor immune 
response elicited by T-cells within pleural cavity, 
leading to an attempt of tumor cells to limit this 
anti-tumor T-cell action by expressing PD-L1 at 
their surface, these observations supporting the 
rationale for anti PD-1/PD-L1 drug’s efficacy in 
mesothelioma.

Lastly, a series of primary diffuse pleural 
mesotheliomas including the epithelioid 
(n  =  148), biphasic (n  =  15), and sarcomatoid 
(n  =  12) histotypes, were recently evaluated 
immunohistochemically for cancer stem cell 
markers and for PD-L1, with the E1LN3 anti-
body [10]. Thirty-three percent of the analyzed 
tumors (57/175) contained PD-L1–positive cells 
(membranous and/or cytoplasmic staining, again 
using a 5% cut-off), with a decreased OS in the 
66 patients with available survival data (median 
OS  =  6.0  months vs. 18.0  months for patients 
with PD-L1negative tumors, p < 0.01). Expression 
of PD-L1  in tumor-associated immune cells 
(TAIs, mostly macrophages) was also evaluated 
and detected in 35 cases (20%). The cancer stem 
cell marker ALCAM (CD166) was co-expressed 
with PD-L1 in 20 tumors, with some correlation 
between expression of both markers (p = 0.04), 
and these patients showed the shortest survival 
(median OS = 4 months vs. 36.0 months without 
ALCAM or PD-L1; p < 0.01). It is of interest that 
CD166 was reported to act upstream Hippo/YAP 
pathway to regulate EMT, a feature of tumor 
aggressiveness in MPM, in which such pathway 
is frequently altered.

Thus, malignant pleural mesothelioma tumors 
were reported to express PD-L1  in 30–63% of 
cases, in archival paraffin-embedded specimens, 
according to different retrospective studies and 
authors, with series of various size, the use of 
whole slides or TMA, different diagnostic mono-
clonal antibodies, different scoring systems (can-
cer cells and immune cells, membranous and 

cytoplasmic staining), and various immunohisto-
chemistry platforms. However, in all these stud-
ies PD-L1 expression was shown to be 
substantially higher in sarcomatoid or biphasic 
MPM, and to correlate with a shorter overall sur-
vival in most series, even if the PD-L1 expression 
prognostic impact is difficult to discriminate 
from the major prognostic impact of these histo-
logical sub-types, in such retrospective series, 
even though using multivariate analyses.

20.3  Available Data 
from Currently Presented 
Clinical Trials

20.3.1  Second-Line Trials Using 
Single Therapy with Anti- 
CTLA- 4 Monoclonal 
Antibodies (Table 20.1)

Cytotoxic T lymphocyte-associated protein 
(CTLA-4) is the first checkpoint inhibitors tar-
geted in clinical trials dedicated to MPM, proba-
bly because of the availability of anti-CTLA-4 
antibodies and their efficacy in melanoma, while 
anti-PD-1 or PD-L1 antibodies were evaluated in 
more frequent tumors at that time. First results, 
considered as encouraging were reported in 
patients with chemotherapy-resistant advanced 
malignant mesothelioma, using tremelimumab, a 
selective human immunoglobulin G2 monoclo-
nal antibody against CTLA-4 that promotes 
T-cell activity, but claimed to not deplete regula-
tory T, in an academic, open-label, and single- 
arm phase 2 trial (MESOTTREM-2008) [14]. 
Performance status (PS) 0–2 patients with MPM 
or peritoneal (only one case, as understood from 
the first table of the paper describing the study 
population), and measurable lesions received 
tremelimumab 15  mg/kg intravenously once 
every 90 days until progressive disease or severe 
toxicity. The primary endpoint of this trial was 
overall response rate (ORR) as assessed by modi-
fied response evaluation criteria in solid tumors 
(RECIST) for pleural malignant mesothelioma, 
but without independent central assessment of 
response. A classical Simon’s optimal two-stage 
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design was used, leading to the accrual of 29 
patients in a relatively long period of time 
(30 months), with a target response rate of 17% 
considered as indicative of the drug activity in 
that setting, which would have needed 4 objec-
tive responses in 29 patients to reach this end-
point. A majority of these patients (25/29, 86%) 
did receive a standard first-line treatment with 
platinum combined with pemetrexed. Of 29 
patients, 23 (79%) had documented disease pro-
gression within 6 months from first-line platinum- 
based chemotherapy, of whom 15 (68%) 
progressed during chemotherapy. Thus, one-fifth 
of these patients (21%) had indolent disease pro-
gressing beyond 6  months post platinum-based 
first line treatment, which must lead to caution in 
interpreting the meaning of the rate of stable dis-
ease patients. The median time from the end of 
the first platinum containing regimen to docu-
mented progressive disease was 2.1 months, with 
a further median time of 1.3 months (3.4 months 
median time, in total) from documented progres-
sive disease to the beginning of treatment with 
anti-CTLA4, again indicative of relatively indo-
lent tumors (a classical bias of such single arm, 
phase 2 trials).

Only two responses were observed, and this 
trial should have been thus considered as nega-
tive, with seven patients more with stable disease, 
leading to a 31% of disease control rate (DCR), 
considered by the authors as encouraging, despite 
the recruitment of patients with potential slowly 
growing tumors. Median duration of disease con-
trol was estimated to 12.4 months. Of note, the 
two responder patients showed long-lasting 
response over 6 months, which obviously grabbed 
investigator’s attention. Median PFS of the whole 
cohort of the study was 6.2 months, which also 
could be interpreted in two ways: either effect of 
the drug or accrual of patients with indolent 
tumors. Median OS was 10.7 months with a 37% 
2-year survival that could be interpreted in the 
same way, taking into account for the relative 
inefficacy of second or third-line treatments in 
MPM, with the exception of pemetrexed re- 
challenge for patients who did not receive peme-
trexed within the previous 6–12  months [15]. 
Unfortunately, no data on subsequent therapies 

were shown. Safety profile of tremelimumab was 
favorable with no toxic death and only 14% of 
patients with grade 3–4 events. Seventy two per-
cent of grade 1–2 events observed resolved spon-
taneously or with symptomatic treatments of 
short steroid course. Two patients experienced 
microscopic colitis with diarrhea, a commune 
immune-related adverse event, and frequent with 
anti-CTLA-4 drugs. The most interesting data of 
this seminal study was the blood lymphocyte 
monitoring data, in 28 out of 29 accrued patients. 
CD4+/ICOS+ circulating T-cells rate, as assessed 
by surface expression of selected markers by 
direct immunofluorescence and flow cytometry 
at day 30 of the first cycle was associated with 
longer overall survival, while T-cells sub-types 
counts at baseline did not help to predict longer 
survival upon tremelimumab. Such observation 
suggested that some readouts of tremelimumab 
efficacy could be observed as soon as after 
1  month of treatment, yet with a costly 
fluorescence- activated cell sorting (FACS) 
technology.

The same investigators reported a second aca-
demic open-label, single-arm phase 2 study, 
(MESOTTREM-2012) [16], with an “intensi-
fied” schedule of tremelimumab, at 10  mg/kg 
every 4 weeks for six doses, and every 12 weeks 
thereafter, until progression or toxicity. The pri-
mary endpoint again was the ORR, but using 
iRECIST, and then determining the proportion of 
patients achieving an immune-related objective 
response (complete or partial), provided they 
received at least one dose of the study drug. 
Inclusion criteria were substantially the same as 
the previous trial, with again only one peritoneal 
mesothelioma patient. In this trial, patients with 
evidence of progressive disease at the first tumor 
assessment were allowed to continue to receive 
tremelimumab if they did not have clinical signs 
or symptoms of progression. Unless the patient 
was deteriorating rapidly, disease progression 
was confirmed by two CT scans at least 6 weeks 
apart, although, again, not centrally assessed. As 
the in the previous trial, using a Simon’s optimal 
2-stage design the target response rate of 17% 
was chosen to consider the study drug clinically 
active, leading, with a 70% power, to a 29 patients 

20 Immunotherapy, the Promise for Future of Mesothelioma Treatment?



288

accrual target, which was here obtained within 
one year. A pre-specified interim safety analysis 
was successful since no clinically relevant toxic 
effects were recorded in the first phase among the 
initial 11 patients treated. Four patients had an 
immune-related partial response: one at the first 
tumor assessment (after about 12  weeks) and 
three at the second tumor assessment (about 
24 weeks), leading to only 13.8% iRECIST ORR, 
thus not clearly indicating a significant activity. 
More puzzling, when the classical mRECIST for 
mesothelioma was used, only one partial response 
was found. The proportion of patients with dis-
ease control was 51.7% (15 of 29 patients), with 
iRECIST, with a consistent median duration of 
disease control of 10.9  months, but DCR was 
only 37.9% with mRECIST.  Median immune- 
related progression-free survival was 6.2 months, 
median overall survival was 11.3  months and 
1-year survival was 48.3%, all values being 
strictly comparable with the previous trial. 
However, the seven patients with biphasic or sar-
comatoid malignant mesothelioma had a median 
overall survival of 15.8 months which compared 
favorably with what was observed in the seminal 
pemetrexed registrations trial, in such subset 
known to have a worse prognosis and resistance 
to chemotherapy, suggesting this subtype could 
specifically take advantage from immunotherapy, 
as it was suspected by immune content pathologi-
cal analyses and PD-L1 expression data, reported 
above. However, the limited size of this subset 
was claimed to explain why no significant corre-
lation with iORR, iPFS, or OS was observed, 
while PS or European Organization for Research 
and Treatment of Cancer (EORTC) score did sig-
nificantly associate with iPFS or OS.  Again, 
safety profile was favorable with no toxic death 
reported and very few and not unexpected grade 
3–4 adverse events (AE). Patients with a ratio of 
circulating neutrophils to CD4-positive, ICOS- 
positive T cells below the median on day 14 of 
the second cycle, but not at earlier time-points 
investigated, had significantly better overall sur-
vival than those with a ratio equal to or greater 
than the median, reminiscent of previous obser-
vations, although expressed differently, and mea-
sured at a different time-point (44  days vs. 30 

post the first cycle), possibly by lack of reproduc-
ibility or stability of this prognostic/predictive 
variable. Lastly, that authors were to be congratu-
lated since this study was one of the rare studies 
which had included a pharmacokinetics analysis, 
performed on the 14 first patients, and showing 
that most of patients maintained concentrations 
of tremelimumab at or above the target of 30 μg/
mL, during the entire dosing interval, thus sup-
porting the new schedule and dosing, chosen in 
this study.

Based in these data, although, as mentioned, 
some caveats could have obscured the interpreta-
tion of both trials, tremelimumab was tested alone 
vs. placebo in second- or third-line treatment in 
MPM in the DETERMINE large randomized 
Phase IIb trial [17]. PS 0–1 patients with unresect-
able pleural or peritoneal malignant mesotheli-
oma and measurable disease, who had progressed 
after one or two previous systemic treatments for 
advanced disease, were eligible. Patient random-
ization was stratified by EORTC status (low risk 
vs. high risk), line of therapy (second line vs. third 
line), and anatomic site (pleural vs. peritoneal). 
However, the time elapsed between last-line ther-
apy including pemetrexed was not included as a 
stratification variable and thus an unbalance in the 
accrual of indolent tumors between the two arms 
could not be controlled with such stratification 
policy. Intravenous tremelimumab was given at 
10  mg/kg, or placebo, every 4  weeks for seven 
doses and every 12  weeks thereafter, until pro-
gression or toxicity. Accrual was particularly fast, 
since in 18 months, 571 patients were randomly 
assigned (2:1) to receive tremelimumab or pla-
cebo in 105 study centers worldwide. Since this 
trial was placebo- controlled, since classical mRE-
CIST for meso was used, and since OS was the 
primary endpoint, there was no central assess-
ment of response in this company-sponsored trial 
(AstraZeneca). The possibility was offered to 
investigators to continue treatment despite mRE-
CIST progression if they felt that patient derived a 
clinical benefit, to take into account a so-called 
pseudo-progression, particularly frequent in mel-
anoma patients, but of which incidence is cur-
rently unknown in MPM patients. However, if the 
tumor burden at the confirmatory scan was more 
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than 20% larger than the tumor burden at the ini-
tial scan showing progressive disease, the patient 
was considered to have progressive disease and 
was to be discontinued from study treatment. The 
trial initially designed to accrue 180 patients 
based on a superiority design, à 80% power and a 
two-sided α-risk of 20%, was amended after 107 
patients were randomized, before any un- blinding, 
according to the analysis of the two phase 2 trials 
described above. Overall, 382 patients were 
assigned to receive tremelimumab, 189 to pla-
cebo, median age 66.0 years. 95.5% had pleural 
mesothelioma, 16.4% had non- epithelioid histo-
logical subtype mesothelioma, one-third had 
received previously two lines of therapy, of which 
99% had received first-line pemetrexed-based 
therapy, 58% had low-risk EORTC score, and 
95% had stage IIIB/IV mesothelioma. Patients 
received a median number of three  cycles. 
Unfortunately, no survival gain was obtained in 
tremelimumab group, compared to placebo 
(median OS: 7.7 vs. 7.3  months, respectively; 
HR = 0.92; p = 0.408) and not a single subset of 
patients did significantly benefit from tremelim-
umab, although non-significant trends were 
observed in the group of sarcomatoid MPM 
(HR  =  0.68) and in the group of earlier stages 
(≤III). With high maturity (#80% of patients had 
died at the time of analysis), long-term survivals 
did no differ either, survival curves remaining 
desperately superimposed, while no difference in 
subsequent therapies was observed, no patients in 
either group receiving further anti-PD-1 or anti- 
PD- L1 drugs. Only eight patients exhibited con-
firmed partial response, supporting the total lack 
of efficacy of tremelimumab single-therapy, even 
if 27% of patients had stable disease (≥6 weeks 
post-randomization), the placebo arm patients 
doing similarly at 22%, showing how stable dis-
ease should be considered cautiously in MPM, 
and supporting the use of a control arm in MPM 
trials, even in phase 2 trials to avoid the bias of 
indolent pleural tumors. These results could have 
torpedoed further trials with ICI, if anti-PD-1/
PD-L1 drugs had not given rapid and striking 
results of which amplitude clearly appeared, as 
compared with DETERMINE historical yet 
recent data.

20.3.2  Second-Line Trials Using 
Single Therapy with Anti-PD-1 
or PD-L1 Monoclonal 
Antibodies (Table 20.2)

Several studies assessing ICI targeting the PD-1/
PD-L1 pathway indeed generated promising 
results, all presented in oral session of last inter-
national meetings most of them deserving defini-
tive publication.

The first data came from a Phase Ib large 
multicenter, non-randomized, open-label, and 
multi- cohort “basket” trial (Keynote 028), with 
a stratum dedicated to MPM, including 25 
patients with PD-L1-expressing MPM, treated 
with the anti-PD-1 antibody pembrolizumab 
from Merck, 10 mg/kg IV every 2 weeks [18]. 
They had to be PS 0-1, to have measurable dis-
ease, histological diagnosis of MPM, to have 
failed to standard therapy or to be considered as 
“unable to receive chemotherapy”. PD-L1 
expression was assessed with the use of the 
22C3 antibody (Merck, Kenilworth, NJ, USA) 
assay, with a cut-off set at ≥1% of tumor cells or 
associated inflammatory cells, with membra-
nous staining, regardless of intensity. Upon 83 
patients with evaluable histological specimen, 
45.7% (n = 38) had positive results, of which 25 
were found eligible for the protocol. Although 
highly selected for such a phase I trial (two third 
were PS  =  1), patients did not fundamentally 
differ from a MPM standard population, as 
expected in that setting, with median age 
65.0 years, two-third men, 72% with epithelioid 
histology, one-third with two or more previous 
lines (but two naive of any treatment), 84% who 
had previously received pemetrexed and 88% 
exposed to a platinum salt. Primary endpoint 
was shared in all strata, to show an ORR exceed-
ing 10% at an overall one-sided 8% α-level. 
Twenty-two patients had to be recruited to give 
an 80% power. Actually, 25 patients were 
accrued and received at least one dose of pem-
brolizumab. Safety was found as manageable, 
with classical immune-related adverse events 
(IRAEs) in 12% of patients, a dose reduction 
needed in only one patient, grade 3 AEs in only 
20% of patients, but not grade 4 or 5.
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The results turned out to be encouraging with 
20% ORR and 52% of patients exhibiting stable 
disease (SD). More convincing was the durabil-
ity of responses, since the median duration of 
response (DOR) was 12 months (95%CI: 3.7-not 
reached [NR]), while the durability of stable dis-
ease (5.6  months) was in accordance with the 
duration observed in the DETERMINE placebo 
arm. The time to response was short (median 
1.9 months (1.7–3.8)) and the median PFS was 
not fantastic at 5.4 months. However, median OS 
was 18 months and 62.6% of patients were alive 
at 1 year, two patients having received the maxi-
mal length of 24  months treatment, while two 
other responders were still under treatment at 
22 months. More strikingly, four patients exhib-
ited more than 70% decrease of their tumor bur-
den, clearly supporting an activity of the drug, a 
feature not reported in previous anti-CTLA-4 
trials.

Final results from a U.S. phase 2 single-arm 
trial assessing the activity of a fixed-dose of pem-
brolizumab (200 mg every 3 weeks) in second- 
line setting (KEYNOTE-139, NCT02399371) 
confirmed the activity and the tolerability of such 
anti-PD-1 drug in pre-treated MPM patients [19]. 
Sixty-five MPM patients, PS = 0–1, with disease 
progression after 1 or 2 prior regimens of which 
one included pemetrexed-platinum doublet, and 
measurable disease were treated with pembroli-
zumab 200  mg IV q21 days with first CT-scan 
evaluation at 9 weeks. Median age was 68 years, 
53% were PS = 0, 77% had epithelioid histology, 
12% had peritoneal disease, and 61% had 
received only one prior treatment. Partial 
response according to mRECIST was observed 
in 14 patients (22%), while 26 more had stable 
disease at 9 weeks (56%) giving a 63% DCR at 
9 weeks. While toxicity was estimated manage-
able (4.5% of grade 2–3 pneumonitis, 4.5% of 
grade 3 adrenal insufficiency, 1.5% grade 3 coli-
tis and 3% grade 3–5 hepatitis), one patient had 
grade 5 autoimmune hepatitis, another died from 
an unknown cause. With a centrally-assessed 
22C3 antibody-based immunohistochemistry 
assay (Qualtek laboratory), PDL1 expression was 
available in 62 patients: 45% were found nega-
tive (<1%), 32% had low PD-L1 expression 

(1–49%), while 23% had high expression 
(≥50%). When used as a continuous marker, 
higher PD-L1 expression was associated with a 
higher response rate (ROC area under the curve 
= 0.69; 95%CI: 0.53–0.84). ORR was higher and 
PFS longer in patients with high PD-L1 expres-
sion as compared with no and low PD-L1 expres-
sion (0.021 and 0.034 respectively), but OS was 
not influenced by PD-L1 tumor content. 1-year 
PFS was 40.2% in patients with high PD-L1 
expression vs. 9.3% in the others (p = 0.019).

Lastly, a Swiss registry analysis of 48 MPM 
patients, PS 0-2, who progressed after a single 
line of pemetrexed-based treatment, and were 
treated on an off label basis by pembrolizumab, 
was presented at ESMO 2017 meeting [20]. An 
investigator-based analysis of responses accord-
ing mRECIST found a 25% ORR and a 53% 
DCR (11% for PS2 patients vs. 42% for the 19 PS 
0–1 patients and 33 vs. 72% for ORR and DCR 
respectively). Median PFS was 3.6 months in the 
whole cohort, with a 7.2 months median OS. PS 
0–1 patients had a 10.2  months OS.  Of course 
such retrospective data, without central assess-
ment of response, should be considered cau-
tiously, even if such “real-life” data could support 
the phase I–II data of activity of second-line 
pembrolizumab. In this series, PD-L1 assessment 
showed a clear correlation between activity of 
pembrolizumab and increasing PD-L1 tumor cell 
expression, all four patients with more than 50% 
tumor cell expression exhibiting disease control, 
vs. 32% for PD-L1 negative patients (with <1% 
of PD-L1 stained tumor cells), with a significant 
0.27HR for PFS.

Convinced by these preliminary data, another 
group, ETOP, also launched the well-designed 
ETOP 9-14 PROMISE-meso trial, which aims to 
compare, after one previous line of chemother-
apy, pembrolizumab 200 mg fixed dose i.v., day 
1 of each 3-week cycle, until progressive disease 
by iRECIST, for maximum 2 years, with second- 
line chemotherapy by institutional choice either 
Gemcitabine 1000  mg/m2 d1/d8, q3w i.v., or 
Vinorelbine 30  mg/m2 d1/d8, q3w i.v., or 
Vinorelbine 60  mg/m2 d1/d8 q3w p.o. with a 
cross-over allowed at progression. This phase 3 
trial aims to increase progression-free survival 
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based on an independent review, from 3 to 
6 months (HR = 0.58), needing 142 patients to 
accrue.

Another anti-PD-1 antibody, nivolumab 
(Nivo), has been evaluated in second- or third- line 
setting by the Dutch group, in the NivoMes study 
presented orally at IMIG 2016 and WCLC 2017 
meetings by Dr. Paul Baas [21]. Patients should 
have progressed after ≥1 line, histological speci-
mens were to be available at baseline, the tumor 
being accessible for new biopsies, with FACS 
studies on peripheral blood mononuclear cells 
baseline sampling. Primary endpoint was DCR at 
12 weeks, with the aim to increase DCR from 20 
to 40%, leading with an 80% power at 5% α-level 
to the accrual of 33 patients, according to a Simon 
minimax plan, needing to observe five OR in the 
first 18 accrued patients. Patients received 
Nivolumab IV infusion, 3 mg/kg, q2 weeks and 
were to have re-biopsy and PBMC sampling at 
6 weeks. Accrual was fast, with 34 (28 epitheli-
oid/6 sarcomatoid/biphasic) enrolled in less than 
1  year. Patients have classical epidemiological 
features with median age 68 years, 28 male, but 
only one patient having received more one previ-
ous line. Only 9/34 (26.5%) patients had mesothe-
lioma sample with 1% or more PD-L1-stained 
tumor cells, and three with 50% or more stained 
cells, using 28.8 DAKO assay. The trial was 
clearly positive since DCR was 29% at 6 months 
(of which two cases of pseudo- progression), with 
a 23.5% of ORR (n  =  8) and a median PFS of 
110  days (3.6  months). Six patients were still 
treated at 40 weeks at the time of the last presenta-
tion, with 33% DCR at 6 months (including four 
patients with SD), showing again a convincing 
duration of the treatment effect. There was not 
unexpected safety profile with 26% grade 3–4 
IRAEs, but one treatment- related death due to 
pneumonitis. Responses were seen in all groups 
irrespective of PDL1 expression, although small 
numbers precluded any definitive conclusion.

A Japanese multicenter trial, MERIT (ONO- 
4538- 41/JapicCTI-No.163247), was presented at 
2018 WCLC meeting, by Nakano et al., in second 
or third line advanced or metastatic MPM, resis-
tant or intolerant to platinum-based combination 
therapy with Pemetrexed (n = 34) [22]. Primary 

endpoint was ORR and Nivolumab was used with 
a 240  mg flat dose q2 weeks. The expected 
response rate was 19.2% giving an 80% power at 
5% α-level. Median age was 68.0 years, 29.4% of 
patients received two previous lines of treatment, 
79.4% had epithelioid MPM, and 61% had 
PS = 1. The trial was positive since ORR reached 
29.4% and DCR at 6 months was 67.6% without 
unexpected safety concerns. With a median fol-
low- up of 16.8  months, median PFS was 
6.1 months, median OS was 17.3 months. PD-L1 
status determined using the Dako PD-L1 IHC 
28-8 pharmDx test clearly influenced survival 
with median PFS of 7.2 months in patients with 
PD-L1 tumor expression >1% vs. 2.9 months for 
the others, and median OS being 17.3 months in 
PD-L1-positive patients vs. 11.6 for the PD-L1- 
negative patients. Grade 3 interstitial pneumonia 
or pneumonitis occurred three of the 20 PD-L1- 
positive patients (15%). Based on the results of 
the MERIT study, nivolumab was approved on 
Aug 21st in Japan for unresectable advanced or 
recurrent MPM patients, who have progressed 
after chemotherapy.

Finally, results from the strata dedicated to 
MPM of the multicenter non-randomized, open- 
label, and multicohort “basket” trial phase Ib 
“JAVELIN” (NCT01772004), assessing the anti- 
PDL- 1 fully humanized IgG1 avelumab in about 
2200 patients with more than 15 types of cancer, 
were presented as a poster at ASCO meeting 
2018 [23]. Fifty-three patients with unresectable 
pleural or peritoneal mesothelioma, whose dis-
ease had progressed after platinum and peme-
trexed therapy, were treated by avelumab, 10 mg/
kg IV Q2W until progression, unacceptable tox-
icity, or withdrawal. Patients had previously 
received 1 (n = 18), 2 (n = 15) or ≥ 3 (n = 20) 
prior lines of therapy. After a median follow-up 
of 24.8  months, confirmed was only 9.4% of 
ORR, with 15.2  months median duration of 
response, contrasting with previous data although 
more patients were highly pretreated in this 
series. DCR was 58.5%, which is also modest, 
median PFS was 4.1 months and median OS was 
only 10.9 months. However, in evaluable patients 
with PD-L1+ (n = 16) tumors (≥5% tumor cell 
cutoff), ORR was 18.8% although 6-months PFS 
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did not differ from the whole series. Safety pro-
file was acceptable with no treatment-related 
deaths occurring.

20.3.3  Trials Using Combination 
Therapy with Anti-PD-1 or 
PD-L1 and Anti-CTLA-4 
Monoclonal Antibodies 
(Table 20.3)

With this background in mind, IFCT 1501 
MAPS2 trial (NCT 02716272) was launched as a 
randomized, non-comparative phase 2 trial, 
which assessed in MPM patients the value of 
anti-PD-1 mAb Nivolumab as a single therapy, or 
in combination with the anti-CTLA-4 mAb ipili-
mumab (Ipi), from BMS, in second- or third-line 
setting [24]. PS 0–1 patients, with histological 
diagnosis of pleural unresectable mesothelioma, 
measurable disease according to central assess-
ment by an independent radiological panel using 
mRECIST criteria, with documented progression 
(all CT-scanners were centrally reviewed), were 
randomized 1:1 between nivolumab (nivo) 3 mg/
kg, q2 weeks and nivo 3 mg/kg, q2 weeks plus 
ipilimumab (ipi) at 1 g/kg q6 weeks, and treated 
until progression or unacceptable toxicity for up 
to two  years. A non-comparative phase 2, one- 
step Fleming design analyzing each arm indepen-
dently was used, with DCR at 12  weeks as 
primary endpoint, assuming a target DCR ≥40%, 
with a one-sided α error of 0·05, leading to 54 
eligible patients to be recruited in each arm, and 
with the assumption of a 5% of ineligibility rate, 
57 patients in each arm in total. Patients were 
stratified according to histology (epithelioid vs. 
non-epithelioid), line of treatment (second vs. 
third line) and a readout for previous line chemo- 
sensitivity (progression ≥3  months after the 
chemo completion vs. <3  months). Sixteen 
failure- free patients had to be observed at 
12  weeks to conclude to activity in either arm. 
Results of this trial were presented at ASCO and 
ESMO 2017 meetings. The accrual, supported by 
investigators’ enthusiasm for immunotherapy 
and previous results, was impressively fast since 
125 patients were recruited in less than 5 months 

in 25 French centers, 11 being registered the last 
day! 63 were allocated to nivo, 62 to the combi-
nation, 63 and 61 receiving the allocating treat-
ment, and all analyses being performed in 
intent-to-treat (ITT). Median age was slightly 
older than in the previous studies (72.3 and 
71.1 years), probably reflecting less patient selec-
tion than in previous small-sized studies. Overall, 
84% had epithelioid histology, two-third were 
PS = 1, there was slightly more male in the combo 
arm (85 vs. 75%, respectively, not significant), 
and more patients having progressed beyond 
3 months after last chemotherapy completion (66 
vs. 59%, respectively, not significant). Roughly 
70% were second-line patients. 86.4% had stage 
III–IV tumors, and prognostic biological charac-
teristics such as leukocytes, platelets count, or 
hemoglobin concentration (variables from the 
EORTC prognostic), were similar in both groups. 
PD-L1 tumor cell expression was centrally 
assessed with both 28.8 Dako PharmDX™ assay 
in 99 available specimens and SP-263 Ventana™ 
assay in 104 specimens, with ≥1% cut-off, as 
previously described by the French pathological 
panel (Mesopath), which reviewed all pathologi-
cal diagnoses. 41.4% and 45.2% of specimens 
were scored as positive with 28.8 and SP-263 
assays respectively, with a surprisingly low con-
cordance kappa index (κ = 0.56) by the very same 
pathologists for both assays. Drug delivery was 
good, but better in the single-therapy arm since 
49.2% and 38.7% of patients received at least 10 
injections, with 100% of the drug dose being 
delivered during all infusions. The safety profile 
again was not unexpected with slightly more tox-
icity in the combo arm compared with the nivo 
arm, showing 26.2 grade 3–4 AEs vs. 12.7%. 
Three toxic deaths were observed, including a 
fulminant hepatitis and one encephalitis, all in 
the combo arm, and all observed, within the first 
5 months of the trial, with no further toxic death 
in the last period, possibly because the investiga-
tors got trained with more accuracy to early diag-
nose and manage immune-related toxicities in 
these patients. Despite such toxicities, patients 
reported outcomes (PROs), which were not dif-
ferent at baseline, did not significantly differ at 
12 weeks, using LCSS questionnaires in the two 
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groups of patients. The trial met its primary end-
point in both arms, with 44.4% DCR in the nivo 
arm in the first 54 eligible patients, and 39.7% in 
the ITT group of 63 patients, while DCR was 
50.0% in the combo arm in the first 54 eligible 
patients and 51.6% in the ITT group of 62 
patients, as evaluated by an independent panel of 
three radiologists expert in MPM and blinded to 
the treatment group. Objective response rates 
were 18.5% (n = 10) and 27.8% (n = 15) in Nivo 
and Nivo+Ipi, respectively. ORR was signifi-
cantly increased in the PD-L1 positive subset, 
with both assays used, despite the observed low 
correlation (p = 0.003 for 28.8 assay), while both 
ORR and DCR were significantly increased in 
patients with histological high PD-L1 expression 
(cut-off ≥25% of membranous tumor cell stain-
ing), this cut-off giving seven positive specimens 
with 28.8 assay and 16 positive specimens with 
SP-263 assay, which thus proved to be more sen-
sitive. Strikingly, waterfall plots of percentage 
change from baseline in tumor size at 12 weeks, 
clearly confirmed a major activity with respec-
tively 3 and 10 patients exhibiting tumor shrink-
ing of more than 60%, in the nivo and the combo 
group, irrespective of the histological subset [25]. 
Conversely, 12 and 5 patients showed more than 
60% of tumor size increase, with major and rapid 
tumor burden progression of more than 80% was 
observed in few patients (six and two respec-
tively), suggesting hyper-progression in a quite 
indolent disease like MPM, with no obvious cor-
relation with the histological subtype. With a 
median follow-up exceeding 20 months, median 
duration of response was 7.4 months in the nivo 
group vs. 8.3 months in the combo group. Median 
PFSs were 4.0 months and 5.6 months in Nivo 
and Nivo+Ipi, respectively, with 90 and 85 events 
respectively. More strikingly, 1-year PFS were 
15.9% and 22.6% and mOS was 11.9 months and 
15.9 months in Nivo and Nivo+Ipi, respectively, 
with 65 and 50% of events observed, supporting 
the maturity of the trial. One-year survivals were 
49.2 and 58.1% in Nivo and Nivo+Ipi respec-
tively, with no imbalance in the post- 
discontinuation treatments received by patients 
detected between both arms. Such results sup-
ported a clear activity of Nivo and Nivo+Ipi in 

relapsing MPM patients with good general con-
dition, at the cost of a higher toxicity in the 
combo arm, but with OS comparing favorably 
with the historical first-line OS observed in the 
seminal pemetrexed phase 3 registration trial, 
15  years ago. Patients in this trial were clearly 
selected and fit, although the randomized design 
did limit this classical bias for phase 2 trials. 
Interestingly, an exploratory analysis gives some 
hypothesis-generating data, to choose between 
single or combination therapy, showing for 
instance that patients with PD-L1 positive tumors 
did survive longer than patients with PD-L1 neg-
ative tumors when treated by Nivolumab (adj. 
HR = 0.53), while the combination therapy was 
equally effective in patients with PD-L1 negative 
or positive tumors. In the same way, the combina-
tion did profit to patients with non-epithelioid 
tumor as compared with patients having epitheli-
oid subtype mesothelioma (adj. HR  =  0.46), 
while patients with tumors containing a sarcoma-
toid cell contingent had poorer OS with 
nivolumab single therapy compared to patients 
with pure epithelioid (adj. HR  =  1.48) tumors. 
And finally, patients with chemo-sensitive tumors 
(having progressed more than 3  months after 
completion of the last chemo line) did signifi-
cantly better with nivolumab than patients with 
chemo-resistant tumors (adj. HR  =  0.35, 
p  =  0.002), while the combination therapy did 
equally well in patients with chemo-resistant or 
-sensitive tumors (adj. HR = 0.76).

Another smaller, yet non-randomized trial 
(“INITIATE”, NCT03048474) by Baas et  al., 
with the very same design as NIVOMES trial, 
was recently presented at the 2017 WCLC and 
the 2018 international Mesothelioma interest 
group (IMIG) meetings, similarly assessing in 35 
patients the value of Nivo (1 mg/kg/3 weeks vs. 
/2  weeks as in MAPS-2) plus Ipi (1  mg/
kg/6  weeks) as second−/third-line treatment in 
MPM (85% of patients) [26]. Similar trends were 
observed with treatment benefits at 12  weeks 
since ORR and DCR were 30% and 75% respec-
tively with a 4.8 months PFS but still immature 
OS data.

All these data prone to the second/third line 
nivolumab versus placebo phase III academic UK 
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trial “CONFIRM” (Cancer Research UK trial 
number CRUK/16/022), the placebo arm being 
debatable and raising some ethical issues taking 
into account for the results of the French trial.

MAPS2 results showed that checkpoint anti-
body combination trials represent another area of 
great interest. Indeed, combined 1 mg/kg tremeli-
mumab and 20 mg/kg durvalumab given in four 
intravenous doses every 4  weeks, followed by 
maintenance durvalumab at the same dose and 
schedule for nine dosings, was tested in a single- 
arm Phase II trial (“NIBIT-MESO-1”; 
NCT02588131) as first- or second-line treatment 
for unresectable malignant mesothelioma patients 
[27]. This trial met its primary endpoint with 
11/40 (27.5%) patients exhibiting immune- 
related (ir)-partial response (median DOS: 
16.1  months), and 25/40 (65%) ir-disease con-
trol, leading to median ir-progression free sur-
vival (PFS) of 8  months (mPFS  =  5.7  months) 
and mOS of 16.6 months (95%CI, 13.1–20.1). In 
this specific trial, baseline tumor PD-L1 expres-
sion had no predictive or prognostic value.

A phase Ib trial published in 2015, with no 
further results of any phase 2 trial, first reported 
in 15 PS = 0–1 patients with unresectable MPM, 
the safety results of the association of pemetrexed- 
cisplatin doublet with a fully humanized agonist 
antibody against CD40L, CP-870,893 given at 
D8 of 21-days cycles for a maximum of six cycles 
[28]. CD40 agonist monoclonal antibody 
CP-870,893 binds to CD40 on a variety of 
immune cell types, triggering the cellular prolif-
eration and activation of antigen-presenting cells 
(APCs), activating B cells and T cells, and 
enhancing the immune response. Indeed, MTD 
was rapidly reached with a cytokine release syn-
drome as the main adverse event. It was observed 
six objective responses (40%) and nine stable 
diseases (53%) as best response, with 6.3 months 
PFS, in line with what is usually observed with 
first-line pemetrexed-cisplatin doublet. Three 
patients survived beyond 30 months which is not 
unusual for some indolent MPM, with a median 
OS of 16.5  months as observed in the control 
pemetrexed-cisplatin arm of MAPS trial. 
Biological markers of actual CD40 signaling 
stimulation were reported such as increase of 

activated memory B-cells, compared to baseline. 
However, no signal of any unusual activity or 
synergy could be ascertained, while toxicity was 
increased although manageable. No further 
development of such combinations with this 
CD40 agonist is currently on-going in MPM 
patients although.

Immunotherapy-based combinations are cur-
rently evaluated as first-line treatment in on- 
going trials. Thus, a large randomized Phase III 
trial sponsored by BMS (“CheckMate 
CA209- 743”; NCT 02899299; n = 600) assessing 
the benefit of Nivo+Ipi vs. standard frontline che-
motherapy (platinum + pemetrexed × six cycles 
maximum) with OS as primary endpoint as com-
pleted its inclusions with results expecting for 
ASCO 2019 meeting.

A phase 2–3 active-comparator trial 
(NCT02784171) was initiated by the Canadian 
Cancer Trials Group, currently exploring the effi-
cacy of first-line therapy with pembrolizumab 
versus either cisplatin and pemetrexed, or the 
pembrolizumab-cisplatin-pemetrexed combina-
tion, the phase 3 part beginning by Fall 2018, 
with the triplet arm compared with the chemo-
therapy standard arm.

Lastly, two single-arm Phase II trials are assess-
ing durvalumab anti-PD-L1 monoclonal antibody 
form AstraZeneca combined with the cisplatin-
pemetrexed doublet in the USA (NCT 02899195; 
n  =  55, results still pending), and Australia 
(“DREAM” trial; n = 54). The final results for the 
54 patients of this latest trial were just presented at 
WCLC meeting 2018 by Dr. Anna Nowak. First-
line MPM patients, PS = 0–1, received cisplatin-
pemetrexed at standard dosing, with durvalumab 
1125  mg q3 weeks, for six  cycles as induction 
therapy, and in case of disease control, up to 
17 cycles of maintenance durvalumab 1125 mg q3 
weeks, until progression or toxicity [29]. The pri-
mary endpoint was PFS at 6 months, using mRE-
CIST and a Simon-2 stage design. Again, accrual 
runs very fast with 54 patients enrolled in 10 sites 
within 10  months, showing the unmet need for 
efficient systemic treatment in MPM patients. 
Median age was 68  years, 60% of patients had 
PS  =  0, 83% had epithelioid histotype. Dose-
intensity of both  chemotherapy and durvalumab 
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was excellent since 97% of patients received six 
doses of platinum with only 13 patients (24%) for 
whom cisplatin was converted to carboplatin and 
with a median number of 11.5 durvalumab doses 
(94% dose- intensity). Confirmed ORR was 48% 
with 37% more with stable disease, when mRE-
CIST was used for evaluation, with two patients 
more experiencing a pseudo-progression (giving a 
58% iRECIST ORR). Overall, a remarkable 85% 
disease control rate was thus obtained, with six 
patients having major tumor shrinkage of 80% or 
more. Median PFS was 6.2 months and 6-months 
PFS was 57%. Median OS was not reached after 
14.4 months of median follow-up, 1-year OS esti-
mate being 64.5% (52.9, 78.7). Ten percent of 
patients experienced immune-related adverse 
events, while 66% of patients experienced grade 
3–5 adverse events, including five patient deaths 
during study treatment, (with one tumor progres-
sion), with no death adjudicated to durvalumab. If 
confirmed these preliminary results will warrant a 
randomized phase 3 trial, using the best control 
arm available which should be the bevacizumab- 
pemetrexed-cisplatin triplet in accordance with the 
results of MAPS phase 3 trial.

20.4  Conclusions

Although MPM is low mutational burden tumor, 
although PD-L1 expression level is moderate in 
MPM tissue samples, data are now accumulating 
supporting the use of modern immunotherapy in 
MPM patients, based on anti-PD-1, or anti-PD-
 L1 antibodies, with or without an anti-CTLA-4 
antibody (but not on an anti-CTLA-4 antibody 
single therapy). Available data actually support 
the adverse prognostic effect of PD-L1 expres-
sion in MPM, while more and more data are 
accumulating, suggesting a favorable predictive 
effect of such PD-L1 tumor expression, in MPM 
patients treated with anti-PD-1 or PD-L1 
antibodies.

Phase 2 results seem concordant with pembro-
lizumab or nivolumab-based therapy, in fit pre- 
treated MPM patients, since over 300 patients 
have been treated now in such trials, with remark-
able progression-free and long-term survival 

data, never observed in literature to date, with 
previously available drugs, which rarely gave 
over 25% ORR and significant PFS over 
3 months. Knowing that there is no currently rec-
ommended second-line treatment in these 
patients, it remains debatable, from the ethical 
point of view, to wait for eventual randomized 
phase 3 trials with a placebo arm, or even a low- 
efficacy, not recommended treatment, such as 
vinorelbine single therapy.

In particular, MAPS2 phase 2 randomized 
trial, although not comparative, could be consid-
ered as having given sufficient data on their toler-
ability and efficacy, to justify nivolumab single 
therapy, or nivolumab plus ipilimumab doublet, 
as second or third line therapy in PS 0-1 MPM 
patients. Based on this reasoning, particularly 
sound in such an orphan-disease like MPM, last 
version of NCCN guidelines has integrated this 
possible second-line therapeutic option without 
waiting for putative phase 3 results.

Conversely, results of first-line combination of 
anti-PD-1 and anti-CTLA-4 antibodies are 
awaited, the first results of the company- 
sponsored phase 3 trial assessing such combo as 
compared with standard pemetrexed-platinum- 
based doublet being expected within the next 
12 months. Early results of phase 2 trials assess-
ing the combination of anti-PD-L1 antibody with 
the chemotherapy standard doublet, support a 
manageable safety profile, with very encouraging 
efficacy results, clearly deserving first-line trials 
with such combinations. Design of such trials 
should be the same as the trials recently presented 
in advanced NSCLC patients, leading to rapid 
registration because a dramatic increase of sur-
vivals, whatever is the level of PD-L1 expression. 
However, the control arm of such trials is still 
debatable, and should probably consist of the 
triplet bevacizumab-pemetrexed-cisplatin, in 
patients eligible for bevacizumab, knowing that 
the next step could be to assess a 4-drug combi-
nation with bevacizumab, anti-PD-1, or anti- 
PDL1 antibody, pemetrexed and platinum, such 
combo recently being proved to be efficient in 
NSCLC patients, with a biological rationale sup-
porting the synergy between anti-VEGF therapy 
and immuno-therapeutics. Further clinical trials 

20 Immunotherapy, the Promise for Future of Mesothelioma Treatment?



298

are thus needed, but future years will clearly see 
a major improvement in the care of MPM patients 
after years of stagnation and therapeutic failures.
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Peritoneal Mesothelioma: 
Diagnosis and Management
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21.1  Introduction

Mesothelioma is an uncommon tumor arising from 
the mesothelial cells lining the pleura, peritoneum, 
pericardium, and tunica vaginalis layer of testis [1]. 
Peritoneal mesothelioma (PM) represents about 
one-fifth to one-third of all forms of mesothelioma. 
The definition of PM includes a constellation of 
disease entities with different clinical presentation, 
biological behavior, and prognosis. Localized PM 
is uncommon and generally benign. On the con-
trary, diffuse malignant peritoneal mesothelioma 
(DMPM) is the commonest and more aggressive 
variant. Well- differentiated papillary peritoneal 
mesothelioma (WDPPM) and multicystic perito-
neal mesothelioma are exceedingly rare and bor-
derline malignant conditions. In its malignant 
forms, the disease has been traditionally consid-
ered as an end-stage disseminated condition and 
treated with debulking (DBK) and/or palliative 

 systemic chemotherapy (sCT). Treatment options 
were mainly palliative and minimally effective. 
The interest in this disease on part of biological and 
clinical researchers was poor. Only in recent years, 
an increasing number of patients with PM have 
been treated with cytoreductive surgery (CRS) 
and  hyperthermic intraperitoneal chemotherapy 
(HIPEC), resulting in remarkable survival improve-
ments and increased interest in this disease. This 
chapter reviews several relevant issues regarding 
the surgical and local-regional management of 
DMPM and the borderline PM sub-variants.

21.2  Epidemiology of Peritoneal 
Mesothelioma

Age-adjusted incidence rates in the Surveillance, 
Epidemiology, and End Results (SEER) database 
(1973–2003) for DMPM were 1.2 per 1,000,000 
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person-year in men and 0.8 per 1,000,000 
 person- year in women. In Europe, crude inci-
dence based on the RARECARE database 
(1995–2002) for both genders combined was 1.3 
per 1,000,000 person-year [2]. In 2008  in Italy, 
the incidence of DMPM in men and women were 
2.6 and 1.2 per 1,000,000 person-year, respec-
tively, with wide variations within the country. 
Higher rates are reported in smaller areas with 
widespread past use of asbestos, such as the har-
bor city of Genoa or Casale Monferrato (age-
standardized incidence in men in 1995 was 
5.5/1,000,000) (www.ispesl.it\renam\index.asp). 
An increase of 5–10% in the annual mortality 
rate will be observed worldwide at least until 
2020. The disease has likely already reached its 
incidence peak in the USA. On the contrary, in 
Europe and Australia, the peak is expected during 
this decade [3]. The role of asbestos exposure in 
DMPM has not been clearly established as in the 
pleural forms. It is estimated that 58% of men 
and only 20% of women with DMPM had past 
asbestos exposure [4]. Therefore, it has been sug-
gested that etiology of DMPM may differ 
between men and women. Since no asbestos 
exposure is documented in about 20–40% of 
DMPM, it has been suggested that other factors 
may be the determinants. Simian Virus 40 (SV40) 
is a possible co-factor in mesothelioma oncogen-
esis, and the hypothesis of a genetic susceptibil-
ity with an autosomal dominant pattern is based 
on observations gathered in Cappadocia [5, 6].

21.3  Molecular Biology

The molecular and cellular mechanisms underly-
ing the proliferative potential and resistance to 
therapy of DMPM are still poorly understood. 
The biology of this disease has been thoroughly 
investigated by clinical and basic science 
researchers in our institution during the last 
decade. It has been demonstrated that p16 expres-
sion is frequently absent or reduced in DMPM, 
and EGFR over-expression is more common in 
peritoneal than pleural forms. However, no cor-
relation with prognosis of over-expression of 
EGFR, matrix metalloprotease-2 (MMP-2), and 

MMP-9 was found in patients treated in our 
 center [7, 8].

The Ki-67 is a nuclear antigen expressed dur-
ing all cellular cycle, except the quiescent (G0) 
phase. The Ki-67 is an excellent marker of cellu-
lar proliferation and tumor aggressiveness. Our 
group and other groups have shown low Ki-67 
expression in DMPM, with a median of 0.6–10% 
positive cells, but higher expression has been 
demonstrated to be a strong prognostic factor 
[8–12]. Analogously, mitotic count is generally 
low in DMPM, but higher proliferative activity 
predicts poor prognosis [8].

On the other side, over-expression of cytopro-
tective factors, such as telomerase activity (TA) 
and anti-apoptotic mechanisms has been demon-
strated in DMPM. TA is expressed in the major-
ity of DMPM and negatively impact prognosis 
[13]. In DMPM specimens from 38 patients 
undergoing various therapies; we assessed TA 
using the telomeric repeat amplification protocol. 
The alternative lengthening of telomeres (ALT) 
mechanisms was studied by assaying ALT- 
associated promyelocytic leukemia nuclear bod-
ies. ALT or TA alone was found in 18.2 and 
63.6% of cases, respectively; both ALT and TA 
were positive in two cases. In the overall series, 
TA expression was significantly associated with 
disease relapse (p  =  0.018) and cancer-related 
death (p = 0.045). ALT was not associated with 
outcome. The prognostic relevance of TA was 
confirmed in patients uniformly treated by CRS/
HIPEC.

Over-expression of cytoprotective factors, 
including survivin and members of the Inhibitors 
of apoptosis protein (IAP) family was recently 
demonstrated by Zaffaroni et al. [14]. The authors 
have analyzed DMPM proliferative and apoptotic 
features and tested a survivin knockdown 
approach in a human DMPM cell line. DMPM 
cells were transfected with small-interfering 
RNA (siRNA) targeting survivin mRNA. Survivin 
expression, growth rate, and ability to undergo 
spontaneous and drug-induced apoptosis were 
measured, showing low proliferation rates and 
poor apoptotic activity in DMPM cells. Survivin 
was expressed in 91% of cases, and the other 
IAPs in 69–100%. Transfection of DMPM cells 
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with survivin siRNA resulted in survivin inhibi-
tion, decrease in cell growth, and enhancement of 
spontaneous and drug-induced apoptosis, sug-
gesting that survivin may be a potential target for 
biological treatments of DMPM.

The above biological features contribute to the 
lack of effective treatment options in DMPM. We 
explored novel immunotherapy approaches in an 
attempt to improve DMPM patients’ survival 
[15]. We tested CpG-oligodeoxynucleotides 
(CpG-ODN), synthetic DNA sequences recog-
nized by Toll-like receptor 9 and able to induce 
innate/adaptive immune response, in two DMPM 
orthotopic xenografts established in our center, 
namely MesoII and STO, which properly reca-
pitulate the dissemination pattern of 
DPMP.  Several combined immunodeficiency 
mice carrying DMPM xenografts were treated at 
different stages of tumor development with intra-
peritoneally delivered CpG-ODN1826 for 
4 weeks. CpG-ODN1826-induced modulation in 
the composition of peritoneal immune infiltrate 
was assessed by flow cytometry. When adminis-
tered to early-stage tumors (i.e., 4 days after i.p. 
DMPM cell injection in mice), the agent com-
pletely inhibited tumor growth and ascites devel-
opment (no evidence of tumor masses and ascites 
in 6/6 mice at necropsy), and also impaired STO 
tumor uptake and growth (4/6 tumor-free mice; 
i.p. tumor masses reduced by 94% in the two 
remaining mice, p  =  0.00005). Interestingly, 
when tested against late-stage STO tumors (i.e., 
11 days after i.p. DMPM cell injection in mice), 
CpG-ODN1826 was still able to reduce the 
growth of i.p. tumor masses by 66% (p = 0.0009). 
Peritoneal washings of tumor-bearing mice 
revealed a strong increase of macrophage infiltra-
tion together with a decrease in the presence of 
B-1 cells and a reduced IgM concentration after 
CpG-ODN1826 treatment. These data suggest 
that locally administered CpG-ODN1826 is able 
to markedly affect the growth of both early- and 
late-stage DMPM orthotopic xenografts in the 
absence of severe side effects, and suggest a pos-
sible clinical role for the agent in the therapy of 
DMPM.

An additional line of research has involved  
the expression of tyrosine kinases receptors 

(TKRs) [16]. In surgical samples from 20 DMPM 
patients undergoing CRS/HIPEC in our center, 
Perrone analyzed TKRs and TKRs downstream 
pathways, with mTOR and its effectors S6 and 
4EBP1, through biochemical and mutational 
analysis and fluorescent in situ hybridization 
(FISH). Activation/phosphorylation was shown 
in 90% of cases for EGFR, in 75% of cases for 
PDGFRB, and 45% of cases for PDGFRA by 
immunoprecipitation/Western blot technique. In 
100% of cases, no EGFR, PDGFRA, and 
PDGFRB mutation and gene amplification were 
demonstrated. AKT, ERK1/2 mTOR, S6, and 
4EBP1 were most highly expressed and acti-
vated. No mutations of PI3KCA, PTEN, KRAS, 
and BRAF were seen. The ligand and 
heterodimerization- dependent activation/expres-
sion of EGFR and PDGFRB were demonstrated. 
Taken together, these findings strongly suggest 
the potential of TKR receptors and their down-
stream effectors as targets for molecularly tai-
lored treatments. Based on the concurrent 
activation of TKR and their downstream effec-
tors, we have designed a clinical-biological study 
to test the combination TKRs and mTOR inhibi-
tors. In a further analysis, we evaluated the EGFR 
inhibitor gefinitib, the mTOR inhibitor RAD001, 
and the multiple TKR inhibitor sorafenib in a 
DMPM cell line: gefitinib and RAD001 alone 
showed poor cytotoxic activity; sorafenib had a 
stronger effect on cellular proliferation and 
sequential treatment with RAD001 followed by 
sorafenib-induced a marked synergistic effects in 
DMPM cells [16].

21.4  Pathology of Peritoneal 
Mesothelioma

The correct pathological diagnosis of PM is nec-
essary as a variety of other abdominal and pelvic 
malignancies may present with peritoneal seed-
ing. For example, the majority of patients with 
papillary serous ovarian cancer do have perito-
neal seeding. A high index of suspicion is needed 
on the part of the pathologist to properly integrate 
clinical, morphological, and immunostaining 
findings in order to recognize PM.
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Tumors arising from the mesothelial cells lin-
ing the abdominal cavity demonstrate a wide 
spectrum of biological aggressiveness [17]. 
Adenomatoid tumor and solitary fibrous tumor 
are truly benign lesions that very unlikely recur 
after simple excision. The former is a solitary 
asymptomatic lesion which most often involves 
genital region peritoneum in reproductive-aged 
women. Solitary fibrous tumor affects primarily 
men in their sixth decade [18]. The multicystic 
variant of PM (MCPM) and well-differentiated 
papillary variant of PM (WDPPM) are uncom-
mon entities with uncertain malignant potential. 
At the other extreme, DMPM is a rapidly lethal 
malignancy, with a median survival of only 1 year 
when treated with standard therapies. Borderline 
mesotheliomas and DMPM attract more interest 
on the part of the medical community and pose 
substantial problems in the clinical practice.

Classification of PM according to clinical pre-
sentation, biological behavior, and pathological 
features is shown in Table 21.1.

21.4.1  Diffuse Malignant Peritoneal 
Mesothelioma

DMPM is macroscopically characterized by mul-
tiple variably sized grey-white nodules through-

out the abdominal cavity. As the disease 
progresses, the nodules become confluent to form 
plaques, masses, bowel encasement, or uniformly 
cover the peritoneal surfaces. Abundant effusion 
is often present.

Similar to its more frequent pleural counter-
part, DMPM is classified as epithelial, sarcoma-
toid, or biphasic (mixed) [19]. However, the 
incidence of biphasic tumors is lower than in 
pleural disease, and pure sarcomatoid DMPM is 
rare. Epithelial DMPM is composed of polygo-
nal, oval, or cuboidal cells exhibiting cytonuclear 
features and architectural formations ranging 
from well-differentiated to anaplastic/pleomor-
phic appearance. Sarcomatoid tumors and the 
sarcomatoid component of biphasic DMPM con-
sist of spindle cells arranged in fascicle or stori-
form pattern [20, 21].

Epithelial DMPM can be further categorized 
according to the patterns of the epithelial compo-
nent. The tubulopapillary pattern is one of the 
most common patterns. It consists of a mixture of 
small tubules and papillary structures with 
 fibro- vascular cores lined by bland flat, cuboidal, 
or polygonal cells. The solid pattern consists of 
nests, cords, or sheets of round, oval, or polygo-
nal cells with abundant eosinophilic cytoplasm 
and round, vesicular nuclei with prominent 
nucleoli. The adenomatoid (micro-glandular), 

Table 21.1 Classification of peritoneal mesothelioma

Clinical presentation Biological behavior Histological subtype Histological pattern Prevalence %
Localized Benign Adenomatoid tumor Uncommon

Solitary fibrous tumor Uncommon
Diffuse Borderline Multicystic Uncommon

Papillary well-differentiated Uncommon
Malignant Epithelial Tubulopapillary 75–80%

Solid
Small cells
Adenomatoid
Acinar
Clear-cells
Signet-ring cells
Deciduoid
Rhabdoid

Biphasic (mixed) 10–15%
Sarcomatoid Desmoplastic 4–6%

Limpho-histiocytoid
Anaplastic
Giant-cell
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acinar, clear-cell, deciduoid, signet-ring cell, 
small-cell, and rhabdoid patterns are rare 
[18–21].

Sarcomatoid DMPM may demonstrate ana-
plastic, giant-cell, and desmoplastic features, or 
osteosarcomatous/chondrosarcomatous areas. 
Atypical histiocytoid-appearing cells within an 
intense lymphoplasmacytic infiltrate can be seen.

Lymph-node metastases within and outside 
the abdominal cavity can occur even at the initial 
manifestation of DMPM. Node involvement has 
been reported in 7–14% of patients undergoing 
extensive cytoreductive surgery. By contrast, 
metastatic disease outside the abdominal cavity 
is uncommon, except for direct invasion of pleu-
ral spaces through the diaphragm [22].

21.4.2  Multicystic and Well- 
Differentiated Papillary 
Peritoneal Mesothelioma

Both of these rare disease entities generally affect 
reproductive-aged women with no history of 
asbestos exposure and show indolent clinical 
behaviors. MCPM is often associated with previ-
ous abdominal surgery, inflammation, or endo-
metriosis. However, early recurrences requiring 
multiple surgical interventions, transformation 
into truly malignant disease, lymph-node involve-
ment, and even death have been described. This, 
along with the reported clear evidence of diffuse 
disease distribution throughout the peritoneum 
and invasion into peritoneal surfaces, suggest that 
MCPM and WDPPM should be considered as 
borderline or low-malignant potential conditions, 
rather than benign tumors [23, 24].

At macroscopic examination, MCPM forms 
multiple variably sized thin-walled cysts involv-
ing primarily the pelvis, but often spreading 
throughout the abdominal cavity. Microscopically, 
these cysts are separated by fibrous/adipose 
septa, and lined by single layers of flattened to 
cuboidal cells with no or little atypia. WDPPM is 
characterized by multiple small nodules and, at 
microscopic level, by well-developed papillary 
structures with fibrovascular core. The papillae 
are covered by bland cuboidal cells. Mitoses and 
atypia are rarely present. The differential diagno-

sis of WDPPM from the histologically similar 
but more aggressive tubulopapillary epithelial 
DMPM is important [25].

21.4.3  Diagnosis and Pathologic 
Assessment

According to the consensus of expert pathologists 
from the International Mesothelioma Interest 
Group (Chicago, IL, October 2006), the diagnosis 
of DMPM must always be based on an adequate 
biopsy in the context of appropriate clinical, 
radiological, and surgical findings [18]. Cytology 
still plays a limited role in the primary diagnosis, 
despite the increased accuracy of immunohisto-
chemical and ultrastructural techniques.

The objectives of the pathological workup are:

• Separating benign from malignant mesothelial 
proliferations.

• Differentiating DMPM from other metastatic 
or primary peritoneal malignancies.

• Defining the histological sub-variant and other 
relevant prognostic determinants.

The first step for the diagnosis is hematoxy-
lin–eosin staining. Demonstration of stromal 
invasion into visceral or parietal peritoneum (or 
beyond) is the key feature in the differential diag-
nosis with reactive mesothelial proliferations. 
However, invasion must be carefully differenti-
ated from entrapment, and the distinction 
between the rare desmoplastic DMPM and reac-
tive fibrosis may be difficult [25, 26].

Any gastrointestinal carcinoma and, in 
women, ovarian, primary peritoneal, and, more 
rarely, lobular breast carcinoma should be con-
sidered for the differential diagnosis of epithelial 
DMPM.  The differential diagnosis for 
 sarcomatoid DMPM includes sarcoma and other 
spindle cells neoplasms, such as sarcomatoid 
renal carcinoma and, particularly for biphasic 
DMPM, synovial sarcoma [18]. Since no immu-
nohistochemical marker is entirely specific and 
sensitive for mesothelioma, the standard is to use 
panels of positive and negative markers. 
Mesothelioma is characterized by positive stain-
ing for EMA, calretinin, Wilms tumor-1 antigen, 
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cytokeratin 5/6, HBME-1, podoplanin, and 
mesothelin. Depending on the tumor being con-
sidered in the differential diagnosis, CEA, Leu-
M1, Ber-Ep4, claudine, B72.3, Bg8, and MOC-31 
can be used as negative marker (see Table 21.2) 
[18–22]. Electron microscopy may help in diffi-
cult cases [27].

To date, PM lacks of a grading system. 
However, histomorphologic parameters can be 
used to estimate survival. Biphasic/sarcomatoid 
histology and MCPM/WDPPM have poorer and 
better prognosis, respectively, than epithelial 
DMPM. However, the low incidence of biphasic/
sarcomatoid and borderline mesotheliomas 
restricts the clinical utility of this variable.

An exhaustive clinicopathological analysis of 
62 patients undergoing comprehensive treatment 
at the Washington Cancer Institute revealed that 
nuclear and nucleolar size (rated by a four-tiered 
score) correlated with survival [28]. Clinical data 
from our Institution demonstrated that both patho-
logically involved lymph nodes and inadequate 
nodal sampling correlate with poor prognosis. 
Accordingly, careful examination of lymph nodes 
that drain the visceral and parietal peritoneum is 
recommended, including bilateral iliac, right gas-
troepiploic, and ileocolic nodes [22]. Proliferative 
activity has been reported to be useful for prog-
nostic stratification. It may be quantified either by 
means of mitotic count or immunohistochemical 
staining with Ki-67  antigen, an excellent marker 

of cellular proliferation. Proliferative activity is 
generally low in PM, but higher rates correlate 
with poor outcome [7–11].

21.5  Diagnosis of Peritoneal 
Mesothelioma

DMPM growth is characterized by peritoneal 
seeding, eventually leading to death due to bowel 
encasement, obstruction, and intractable ascites. 
Patients are usually diagnosed at an advanced 
disease stage.

21.5.1  Clinical Presentation

The initial symptoms of DMPM were prospec-
tively recorded in 51 patients treated at the 
Washington Cancer Institute [4]. Patients were 
categorized into three groups: about one-third of 
them presented with abdominal distention, 
another one-third with abdominal pain, and the 
remaining with combined symptoms of disten-
tion, pain, and other findings. The investigators 
designated these three types as a “wet type” pre-
senting with symptoms of malignant ascites 
causing an increase in abdominal girth, a “dry- 
painful type” presenting with a focal mass seen at 
computed tomography (CT) scan usually causing 
pain, and a “combined type” characterized by 
both pain and ascites.

In a more recent series of 81 DMPM Italian 
patients, ascites, abdominal pain, and asthenia 
were the most frequent symptoms, followed by 
weight loss, anorexia, abdominal mass, fever, 
diarrhea, and vomiting; 13% of patients  presented 
with abdominal hernia. Systemic symptoms, 
such as thrombocytosis and anemia were present 
in 73% of cases. About 25% of female patients 
came to medical attention due to non- specific 
gynecological symptoms [29].

21.5.2  Circulating Tumor Markers

Circulating tumor markers that could be used as 
an adjunct to clinical and radiological assessment 

Table 21.2 Immunostains of adenocarcinoma and peri-
toneal mesothelioma. The data summarize the percent 
positive staining to be expected

Gastrointestinal 
adenocarcinoma Mesothelioma

VIMENTIN 0–6 40
CEA 90–100 0–10
EMA 83 80–100
PAN- cytokeratin 100 100
B72.3 81 0–5
BER-EP4 90–100 0–11
CD15 (LEU-MI) 58–100 0–10
PLAP 50 0
Calretinin 6–9 42–100
S-100 31 0–11
CA125 90 14–94
P53 43–53 45
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would be valuable tools in the initial evaluation 
of peritoneal dissemination of unknown origin. 
Literature data on serum markers of DMPM are 
scarce. In 2006, our group reported CA125 above 
normal limits in 53.3% and CA15.3 in 48.5% of 
60 patients undergoing CRS/HIPEC. On the con-
trary, CEA and CA19.9 were mostly normal. 
Also, serial CA125 measurements paralleled 
with tumor growth or regression after CRS/
HIPEC, and preoperative CA125 showed border-
line prognostic significance only among patients 
not previously treated with sCT [30]. More 
recently, we have assessed the diagnostic and 
prognostic role of mesothelin and osteopontin 
(which are markers currently used in pleural 
mesothelioma) [31]. Mean mesothelin levels 
were 7.84 ng/dl (SD = 5.14) in DMPM group and 
3.00  ng/dl (SD  =  1.25) in control group 
(p = 0.001). Mean CA19.9 levels were 5.3 ng/dl 
(SD = 4.7) and 61.96 ng/dl (SD = 112.5) in the 
two groups (p = 0.008). No statistical difference 
was seen for osteopontin (p  =  0.738), CEA 
(p  =  0.081), CA125 (p  =  0.600), and CA15.3 
(p = 0.365). The area under the receiver operating 
characteristic (AUC-ROC) curves was 0.836 for 
CA19.9, 0.812 for mesothelin, 0.793 for CEA, 
and lower for CA125 (0.652), osteopontin 
(0.531), and CA15.3 (0.481). Using diagnostic 
cut-offs selected by ROC methodology, mesothe-
lin attained 100% specificity and 100% positive 
predictive value in the differential diagnosis of 
DMPM and peritoneal disseminations of 
unknown origin. These data suggest that serum 
mesothelin, in combination with negative CEA 
and CA19.9, would be especially useful during 
the early assessment, in order to shorten the cur-
rent diagnostic delay of DMPM.  Additionally, 
osteopontin correlated with survival at multivari-
ate analysis (hazard rate 6.46; 95% CI 1.81–
23.05; p = 0.004), suggesting that it might be a 
prognostic marker to select DMPM patients for 
aggressive treatment approaches.

21.5.3  Imaging Studies

Contrast-enhanced CT scan is currently the pre-
ferred diagnostic radiological tools for 

DMPM. CT features of PM have been defined as 
“dry” and “wet,” with the dry appearance consist-
ing of peritoneal-based lesions and the wet 
appearance consisting of ascites, irregular, or 
nodular peritoneum thickening and an omental 
mass that may scallop or directly invade adjacent 
abdominal viscera (see Fig. 21.1) [32, 33]. The 
two clinical types, wet or dry-painful type, cor-
respond well to these different CT appearances. 
In the wet type, there is little or no evidence of 
solid tumor. The CT/radiologic presentation of 
the dry-painful type may disclose several mass 
lesions, but often there is a dominant mass iso-
lated to one part of the abdomen.

Yan examined the CT imaging of a series of 
33 patients with PM and described the presence 
of pleural abnormalities in 8 out of 33 patients 

Fig. 21.1 Abdominal-pelvic CT scan showing the typical 
appearance of “wet” DMPM. The radiological picture is 
characterized by abundant ascites in all the abdominal- 
pelvic quadrants, with relatively limited peritoneal solid 
nodules
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(24%), 91% of patients having involvement of 
the greater omentum, 97% of patients having pel-
vic involvement, and 66% of patients having 
ascites. This predominant central abdominal and 
pelvic disease burden observed may be the char-
acteristic pattern of disease presentation [34].

The CT appearance of cystic PM can be a con-
trast to the CT appearance of DMPM. Despite a 
severe distortion of the abdominal and pelvic 
space by fluid-filled cysts and ascites, there is no 
disruption of intestinal function or segmental 
bowel obstruction. Small bowel compartmental-
ization may be seen [34].

CT scan is also useful in patient selection for a 
comprehensive surgical approach. Thirty-nine CT 
scan parameters were statistically analyzed to 
determine their association with the likelihood to 
perform an adequate surgical cytoreduction (resid-
ual lesions ≤ 2.5 cm), that is a predominant prog-
nostic variable. Seven patients (64%) undergoing 
suboptimal cytoreduction and two patients (11%) 
undergoing adequate cytoreduction had a tumor 
mass > 5 cm in the epigastric region (p = 0.004). In 
9 patients (82%) of the suboptimal group and 2 
(11%) of the adequate cytoreductive surgery 
group, CT scans showed loss of normal architec-
ture of the small bowel and its mesentery (p 
< 0.001) (see Fig. 21.2). In a composite  analysis, 

none of the patients with tumor mass >5 cm in the 
epigastric region and loss of normal architecture of 
the small bowel and its mesentery had adequate 
cytoreduction. Patients who lacked these two pre-
operative CT scan findings had a 94% probability 
of an adequate cytoreduction [35].

The role of fluorine-18 fluorodeoxyglucose 
(18F-FDG)-PET has been recently tested in 9 
patients with MCPM and 14 with Epithelioid 
PM. PET scan showed mild focal uptake in 1 of 8 
cases of MCPM, and was positive in 12 of 14 
cases of Epithelioid PM. Sensitivity, specificity, 
and accuracy were 86%, 89%, and 87%, respec-
tively (p = 0.002). Multicystic histology was sig-
nificantly associated with lower SUV (p = 0.006). 
SUV was significantly associated with PFS in 
epithelioid PM (p = 0.028) [36].

21.5.4  Laparoscopy

Esophagogastroduodenoscopy and colonoscopy 
may exclude a primary gastrointestinal malig-
nancy. A diagnostic laparoscopy is a tool to per-
form biopsies, especially when there is no tumor 
deposit amenable to imaging-guided percutane-
ous biopsy, due to the unfavorable anatomic sites 
or small volume disseminated disease. Diagnostic 
laparoscopy can also provide an opportunity to 
evaluate the peritoneal disease burden and to 
assess the feasibility of optimal cytoreductive 
surgery. However, an important caveat accompa-
nies the recommendation for laparoscopy in the 
diagnosis of PM.  In outpatient follow-up, port 
site recurrence is frequently observed at trocar 
sites. It is recommended to limit the trocar sites 
along the linea alba.

In a series of 33 patients with DMPM who 
underwent CRS/HIPEC, we assessed laparos-
copy effectiveness in predicting complete cytore-
duction (residual tumor nodules ≤2.5  mm). At 
preliminary laparoscopy, peritoneal disease was 
considered amenable for complete CRS in 30 of 
33 patients (91%). In this group, cytoreduction 
was complete in 29 patients and incomplete in 
one patient. Cytoreduction was grossly incom-
plete in the remaining three patients who were 
deemed not amenable for complete CRS.  Our 

Fig. 21.2 Contrast-enhanced abdominal- pelvic CT scan 
showing massive disease involvement of the small bowel 
and its mesentery, with loss of the normal anatomical 
architecture. This radiological picture is associated with a 
very low probability to obtain an adequate surgical cytore-
duction. This patient is a poor surgical candidate

M. Deraco et al.



309

data suggest that laparoscopy can integrate clini-
cal and radiological information in the selection 
process of patients with DMPM for combined 
treatment [37].

21.6  Treatment of Peritoneal 
Mesothelioma

Historically, PM has been treated by palliative or 
debulking surgery. Systemic/intraperitoneal che-
motherapy and abdominal irradiation have been 
used in malignant variants. These treatments 
were disappointing, resulting in a median sur-
vival of about 12 months (Table 21.3). In the last 
two decades, the approach to PM radically 
changed with the introduction of a surgical treat-
ment with curative intent. PM remains confined 
within the peritoneal surfaces of the abdominal 
cavity for most of its history. Lymph node and 
extra-abdominal metastases appear to develop 
later in the course of disease progression. This is 
the rationale base supporting a comprehensive 
local-regional approach to treat DMPM with 
CRS and intraeritoneal administration of chemo-
therapic drugs including the most commonly 
used methodology named hyperthermic intraper-
itoneal chemotherapy (HIPEC) direct targeting 
the disease, achieving peritoneal disease control, 
and prolonged disease-free survival. CRS may be 
seen as a tool to maximize response to intraperi-
toneal chemotherapy, because the penetration 
depth in tumor tissue of locally delivered drugs is 
only 2–3 mm [47]. On the other side, the role of 
local-regional chemotherapy is to preserve the 

macroscopically complete surgical response by 
eradicating microscopic residual disease.

21.6.1  Systemic Therapies

Due to its rarity and inherent difficulties of radio-
logic assessment, few studies of sCT have been 
conducted in DMPM. A variety of systemic drugs 
has been extrapolated from pleural mesothelioma 
treatment. The most commonly used agents were 
cisplatin, gemcitabine, doxorubicin, and peme-
trexed. Historical Dana-Farber Cancer Institute 
and Brigham and Women’s Hospital’s series of 
180 mesothelioma patients (37 with PM) reported 
a median survival of 15 months following various 
palliative sCT [48]. A randomized cancer and leu-
kemia group B (CALGB) trial comparing cisplatin 
and mitomycin with cisplatin and doxorubicin in 
79 patients with pleural or PM reported an overall 
response rate of 26% with median time-to-failure 
of 3.6–8.8 months  according to different schedules 
[49]. More recent studies have demonstrated 
improved outcomes with pemetrexed in combina-
tion with cisplatin/carboplatin. In the expanded 
access program, 109 patients with DMPM were 
treated with pemetrexed or pemetrexed-containing 
sCT. Response rates for the combination of cispla-
tin/carboplatin with pemetrexed appeared to be 
higher than pemetrexed alone (24.1% versus 
12.5%). One- year survival was 57.4% versus 
41.5% [50]. Pemetrexed is a multi-targeted antifo-
late that inhibits thymidylate synthase (TS), dihy-
drofolate reductase (DHFR), and glycinamide 
ribonucleotide formyltransferase (GARFT) was 

Table 21.3 Selected historical series of palliative/debulking surgery and/or systemic/intraperitoneal chemotherapy

Authors Year Pts (n.) Treatment Median surv. (months)
Rogoff [38] 1973 12 Debulking, RT, ip 32P 13
Jones [39] 1979 7 Syst. CT 6
Chahinian [40] 1982 12 Syst. CT, RT 7
Antman [41] 1988 16 Debulking, ip cisplatin + doxorubicin, RT 16.4
Kirmani [42] 1988 19 Ip cisplatin 12
Van Gelder [43] 1989 19 Surgery, syst. CT 6
Markmann [44] 1992 19 Ip cisplatin, ip mitomycin-C 9
Neumann [45] 1999 74 Not stated 12 (mean)
Etabbakh [46] 1999 15 Debulking, syst. CT, ip CT 12.5
De Pangher [29] 2009 81 CRS + HIPEC (n = 7), debulking (n = 23), syst. CT 13
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approved for use in pleural mesothelioma based on 
results of a phase III trial [51]. Activity of peme-
trexed in PM was observed in two expanded access 
programs (EAPs) which allowed access to peme-
trexed for eligible patients prior to its regulatory 
approval in pleural mesothelioma, suggesting a 
role for pemetrexed-based combinations in 
DMPM [50, 52].

In the international EAP, 109 patients with 
chemo-naïve or previously treated surgically 
unresectable DMPM received pemetrexed alone 
or with cisplatin or carboplatin. Response rate 
and 1-year survival rate were 18.7 and 47.4%, 
respectively. Combination chemotherapy was 
well-tolerated [50]. In the USA EAP, 73 patients 
with chemo-naïve or previously treated surgi-
cally unresectable PM received 6 cycles of peme-
trexed alone or combined with cisplatin. 
Response rates were 26, 19.2, and 29.8% in the 
overall population, pemetrexed and pemetrexed/
cisplatin groups, respectively. Median survival 
was 13.1 months for patients who received peme-
trexed with cisplatin and 8.7 months for peme-
trexed alone [52]. In a phase II study, 6 cycles of 
pemetrexed (500  mg/m2 on day 8) plus gem-
citabine (1250 mg/m2 on days 1 and 8) were eval-
uated in 20 chemo-naïve patients. Response rate 
was 15%, median time to disease progression 
was 10.4  months, and median overall survival 
(OS) was 26.8  months. However, toxicity from 
this treatment was significant, including one 
treatment-related death. Grade 3–4 neutropenia 
and febrile neutropenia were observed in 60 and 
10% of patients, respectively [53].

There are isolated reports of the role of whole- 
abdominal radiation. However, this treatment 
such a treatment is highly associated with mor-
bidity. Nonetheless a series of patients treated 
with surgery, HIPEC, and whole abdominal radi-
ation was reported to achieve improved disease- 
free survival [54].

Limited data are available to guide the use of 
sCT in combination with CRS/HIPEC in the 
adjuvant or neoadjuvant setting. Since CRS/
HIPEC does not achieve complete cytoreduction 
in all patients and recurrence is common even 
after complete cytoreduction [55], sCT is given 
in combination with intraperitoneal chemother-

apy by several groups. We have retrospectively 
analyzed data from our institutional prospective 
database regarding 116 DMPMs treated with 
CRS/HIPEC from 1995 to 2011. Sixty cases had 
preoperative sCT, 30 had postoperative sCT, and 
26 had no sCT.  Platinum and pemetrexed were 
given to 55 cases. Preoperative sCT was not asso-
ciated with complete cytoreduction or severe 
morbidity. There was no significant difference in 
survival among preoperative, postoperative, and 
no sCT groups, suggesting that operative and 
long-term outcomes were not influenced by peri-
operative CT. Only a weak correlation was seen 
between use of perioperative platinum and peme-
trexed and improved survival. However, the 
potential bias associated with the retrospective 
study design has to be taken into account [56].

In a recent study, 126 DMPM patients under-
going CRS/HIPEC from 1991 to 2014, at 20 
French tertiary centers were divided into four 
groups: (1) preoperative sCT; (2) postoperative 
sCT; (3) perioperative (both pre and postopera-
tive sCT; (4) no sCT.  At multivariate analysis, 
preoperative sCT was associated with worse sur-
vival (HR = 2.30; 95% CI = 1.07–4.94; p = 0.033), 
with no impact on treatment toxicity [57]. In 
summary, sCT with pemetrexed and cisplatin 
should be considered in patients with surgically 
unresectable DMPM. Carboplatin may be a rea-
sonable alternative to cisplatin in elderly patients 
and those with poor performance, given its better 
safety profile. No conclusive data are available 
regarding perioperative sCT in patients undergo-
ing CRS/HIPEC.

21.7  Cytoreductive Surgery 
and Intraperitoneal 
Chemotherapy

CRS for peritoneal tumors was developed by 
Sugarbaker who described six peritonectomy 
procedures to surgically remove all of the perito-
neal linings of the abdominopelvic cavity [47]. 
The loose attachment of parietal peritoneum 
allows for stripping of the serosal layers by 
means of bilateral diaphragmatic, anterior 
abdominal wall, pelvic peritonectomy, and plus 
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omental bursa stripping. Greater and lesser 
omentectomy are usually performed for both 
oncologic reasons and to facilitate intra- 
abdominal drug circulation. Because visceral 
peritoneum is more intimately attached to under-
lying structures, tumor implants on visceral sur-
faces require organ resections, except for liver 
and pancreatic capsulectomy. Figure 21.3 shows 
the amount of disease as it can be seen during the 
early phase of the CRS procedure in a typical 
case of high-volume DMPM.  Figure  21.4 is an 
intraoperative picture of the same patient show-
ing large disease involving pelvic peritoneum, 
uterus, sigmoid colon, and both ovaries. Massive 
disease involving the sub-hepatic/perigastric 
region is displayed in Fig. 21.5.

The adaptation of the original technique to 
DMPM is still a challenge, and several modifica-
tions have been undertaken. In the next para-
graphs, CRS procedures performed in our center 
are described (see Table 21.4), with a focus on 

the modifications emerged during a 20-year 
experience, and a special attention on the most 
debated issues.

21.7.1  Importance of Complete 
Cytoreduction

The current literature consistently supports the 
notion that CRS must be aimed at removing all 
visible tumors. The completeness of cytoreduc-
tion (CCR) is classified at the end of the surgical 
phase according to Sugarbaker, as CCR-0 (macro-
scopically complete); CCR-1 (residual disease 
≤2.5 mm in any region); CCR-2 (residual disease 
>2.5 mm and ≤25 mm), and CCR-3 (residual dis-
ease >25 mm) [58]. Numerous studies have strati-
fied survival on the basis of this surgical endpoint, 
and CCR is the major prognostic factor in all PSM 
[59]. Near complete cytoreduction, leaving behind 
millimetric residual tumor may be pursued only 

Fig. 21.3 Clinical appearance of a typical case of 
advanced DMPM at surgical exploration. A massive 
omental-cake is covering the central and lower abdominal 
quadrants. The anatomical structures in the upper abdo-
men are extensively involved by the disease

Fig. 21.4 Intraoperative picture of the same patient as in 
Fig. 21.3, showing large disease massively involving the 
pelvic peritoneum, uterus, sigmoid colon, and both 
ovaries
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when complete cytoreduction is not feasible, in 
order to preserve organ functions postoperatively. 
We have demonstrated the survival advantage of 
macroscopically complete cytoreduction, over 
minimal residual disease in 70 patients with 
DMPM undergoing CCR-0 or CCR-1 and HIPEC 
by analyzing clinicopathological factors correlat-
ing to disease progression in 13 abdominopelvic 
regions [55]. Residual tumor ≤  2.5  mm (versus 
non-visible tumor) was the only independent risk 
factor for disease  progression in epigastric region 
(p = 0.047), upper ileum (p = 0.029), upper jeju-
num (p = 0.034), and lower jejunum (p = 0.002). 
Before our study, the definition of optimal cytore-
duction for DMPM was controversial as other 
authors suggested that a residual disease up to 
25  mm could be adequate. On the contrary, we 
demonstrated that minimal residual disease, com-
pared with macroscopically complete cytoreduc-
tion, correlated to failure in critical anatomical 
areas, and supporting the need for maximal cyto-
reductive surgical efforts. The final results of 
macroscopically complete CRS are shown in 
Fig. 21.6. The results of complete CRS in the sub-
hepatic region and pelvis are shown in Figs. 21.7 
and 21.8.

Table 21.4 Cytoreductive surgical procedures commonly performed at the National Cancer Institute, Milan (Italy)

Abdominal regions Peritonectomies Visceral resections
1. Right upper Right sub-phrenic peritonectomy

Resection of round, falciform and triangular 
liver ligaments

Glisson’s capsule dissection

2. Left upper/anterior Left sub-phrenic peritonectomy
Greater omentectomy

Splenectomy
Distal pancreatectomy

3. Right-lateral Stripping of right paracolic gutter Appendectomy
Right colectomy

4. Sub-hepatic Lesser omentectomy
Stripping of the omental bursa
Dissection of the duodenal-hepatic ligament

Gastric antrectomy
Total gastrectomy
Cholecystectomy

5. Pelvis Pelvic peritonectomy
Stripping of left paracolic gutter

Sigmoidectomy
Hysterectomy
Bilateral adnexectomy

6.  Small bowel/mesentery Mesenteric peritonectomy Small bowel resection(s)
7. Other Transverse, subtotal/total colectomy

Retroperitoneal and pelvic 
lymphadenectomy
Diaphragmatic muscle resection(s)
Liver resection(s)
Previous scar or port site resections

Fig. 21.5 Massive disease involving the sub-hepatic/
perigastric region. Confluent disease localizations involve 
massively the lesser omentum close to the vascular arcade 
along the lesser gastric curvature, and the pyloric area. An 
impressive omental-cake is seen
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21.7.2  Complete Versus Selective 
Parietal Peritonectomy

Parietal peritonectomy is generally limited to 
surfaces involved by visible tumor, as well as 
organ resections, to preserve sufficient 
 postoperative function. We have reported that 
systematic complete parietal peritonectomy 
(including both macroscopically involved and 
normal surfaces) regardless of disease distribu-
tion is associated with better survival in DMPM 
because of its biological characteristics and dis-
semination pattern with frequent microscopic 
(not visible) peritoneal disease. In a retrospective 
matched case- control study, we compared 30 
patients with DMPM undergoing selective pari-
etal peritonectomy with 30 matched controls 
undergoing routine complete parietal peritonec-
tomy. Median overall survival was 29.6 months 
in the selective peritonectomy group and not 
reached in the complete peritonectomy group; 
5-year overall survival was 40.0% and 63.9%, 
respectively (p = 0.027). At multivariate analysis, 
complete versus selective peritonectomy was rec-
ognized as an independent prognostic factor, 

Fig. 21.6 Final results at the end of the surgical cytore-
duction. All the macroscopic disease has been completely 
resected. The entire parietal peritoneum has been 
removed. Complete peritonectomy of both aspects of the 
mesentery has been performed, together with radical 
greater omentectomy and round and falciform liver liga-
ment resection

Fig. 21.7 Sub-hepatic region after macroscopically com-
plete surgical cytoreduction in the same patient as 
Fig.  21.5. Both the greater and lesser gastric curvature 
have been made clear of tumor, sparing the blood supply 
through the left gastric artery. The gall bladder has been 
removed and the serosal layer covering the hepato- 
duodenal ligament has been dissected

Fig. 21.8 Complete surgical cytoreduction in the pelvic 
region. The peritoneum has been surgically removed from 
the anterior aspect of the bladder, and lateral and posterior 
pelvic walls. The bladder is suspended to show the sig-
moid colon, proximal rectum, and vaginal stump. No sig-
moid colon resection has been performed in this case. The 
peritoneum of the Douglas pouch has been surgically 
removed. Both ureters, iliac arteries, and veins have been 
dissected and preserved. Bilateral iliac and obturatory 
lymphnodes have been removed
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along with complete cytoreduction, negative 
lymph nodes, epithelial histology, and lower 
MIB-1 labeling index. Morbidity rates were not 
different between groups. Furthermore, patho-
logic examination detected disease involvement 
on parietal surfaces with no evident tumor at sur-
gical exploration in 12 of 24 patients undergoing 
complete parietal peritonectomy [60].

21.7.3  Lymph Node Assessment

The importance of nodal sampling and its impact 
on outcome has been shown to be important in 
DMPM. In our experience, negative lymph nodes 
are independent predictor of improved survival, 
after adjustment for other prognostic variables. In 
our study, negative nodes, as compared to posi-
tive or non-assessed nodes, were associated with 
increased survival. Since then, we use to perform 
careful nodal sampling during CRS for 
DMPM.  Although node positivity ultimately 
bears a poorer outcome and is unlikely to be 
modified through extended lymphadenectomy, 
an approach to standardized lymph node sam-
pling would assist in disease staging [22].

21.7.4  Small-Bowel Mesentery 
Cytoreduction

The involvement of the small-bowel mesentery 
by neoplastic cells is regulated by factors, such as 
cell biological aggressiveness and peritoneal fea-
tures, such as the presence of a relatively low 
density of lymphatic lacunae, stomata, and milky 
spots [59]. With low or moderately aggressive 
malignancies, this typically results in sparing of 
small bowel surfaces or isolated small tumor 
implants, that can be locally resected. Conversely, 
high-grade malignant tumors may massively 
involve small bowel and its mesentery, thus ham-
pering an adequate cytoreduction. In intermediate- 
grade tumors, small-to-medium-sized nodules 
and plaques are observed on the mesentery sur-
face up to the transition line between the mesen-
tery and the small bowel, with minimal deep 
tissue invasion. In these circumstances, we per-

form a partial or a complete peritonectomy on 
both sides of the mesentery. The serosal layer 
may be stripped up to the limits of bowel wall by 
either blunt or sharp dissection. It is important to 
avoid any vascular injury (especially close to the 
small bowel), as it could result in disruption to 
the blood supply. This procedure is made easier 
by finding the space between the serosal layer 
and the mesenteric fat tissue; it is possible at that 
time to use the fingers to perform a complete 
mesenteric peritonectomy by blunt dissection. In 
our experience, no major surgical complication 
appeared to be related to the mesenteric perito-
nectomy, except for a moderate prolongation of 
postoperative ileus [61]. In Fig.  21.6, the final 
results of complete parietal peritonectomy with 
complete mesentery peritonectomy are shown.

21.7.5  Intraperitoneal Perioperative 
Chemotherapy

Local-regional chemotherapy is performed either 
as intra-operative hyperthermic intraperitoneal 
chemotherapy (HIPEC), or normothermic early 
intraperitoneal chemotherapy (EPIC) [59]. The 
pharmacological advantage of intraperitoneal 
administration consists in higher local-regional 
drug concentration with minimal systemic toxic-
ity. Intra-operative or early postoperative time 
settings allow optimal distribution of chemother-
apeutic agents before the development of postop-
erative adhesions and tumor cell entrapment in 
scar tissue, which can contribute to disease recur-
rence. Additionally, mild hyperthermia (41–
43 °C) has a direct cytotoxic effect, increases the 
efficacy of antiblastic agents, such as mitomycin-
 C and platinum compounds, as well as their pen-
etration into tumor tissue.

HIPEC techniques vary widely among cen-
ters, in terms of closed versus open abdomen 
technique, drug(s), drug dosage, target tempera-
ture, duration, flow rate, type, and volume of car-
rier solutions. However, no technical variation 
has demonstrated an advantage in comparative 
trials. The choice of drugs is based on their clini-
cal efficacy and pharmacokinetics variables, such 
as hydrophilic properties, high molecular weight 
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to limit passage through the peritoneal-plasma 
barrier, high plasma clearance, and mechanisms 
of action potentiated by hyperthermia. Also, only 
cell cycle phase non-specific agents are indicated 
for this single-shot treatment. Currently, cisplatin 
alone or cisplatin in combination with doxorubi-
cin are often used to treat DMPM.

When performing EPIC, the administration of 
normothermic antiblastic agents is started imme-
diately after surgery using a peritoneal Tenckhoff 
catheter or a subcutaneous port, and continued 
for 1–5  days. Generally, 2–4 closed suction 
drains placed at surgery are maintained closed for 
23  h and opened for 1  h a day, to take out the 
perfusate solution. Drugs with a high rate of 
hepatic extraction and no significant heat 
enhancement may be used for EPIC, such as 
5-fluoruracil, doxorubicin, or taxanes [61].

A treatment protocol of adjuvant bidirectional 
chemotherapy with intraperitoneal pemetrexed 
combined with intravenous cisplatin has been 
developed at the Washington Cancer Institute. 
Peritoneal ports are placed at the time of CRS/
HIPEC.  The treatment consists of pemetrexed 
500 mg/m2 given intraperitoneally and cisplatin 
50 mg/m2 given intravenously simultaneously on 

day 1 of every 21-day cycle for 6 cycles. Nine of 
10 patients were reported to be able to complete 
all 6  cycles of therapy without delays or dose 
modifications. One patient developed a catheter 
infection after 3  cycles and required catheter 
removal. He was switched to intravenous peme-
trexed and cisplatin for 1 cycle, then a new peri-
toneal catheter was placed and the remaining 
2  cycles were completed. Mild fatigue, nausea, 
and abdominal pain were observed [62].

21.8  Results of Treatment 
and Prognostic Factors

Treatment results of DMPM have been reported 
by a small number of referral centers only in 
recent years, but this disease has become a classi-
cal CRS/HIPEC indication. The most relevant lit-
erature series are reported in Table 21.5. Median 
survival ranged from 30 to 92  months and it 
appears to improve with growing experience, as 
the most recent updates report median survival of 
4–5 year and more. One French, one American, 
and one International multi- institutional series 
have been published, collecting 249, 211, and 405 

Table 21.5 Selected literature series of CRS/HIPEC for peritoneal mesothelioma

Centre (ref.) Pts n. HIPEC EPIC F.up Median OS 5-year OS
Winston-Salem, NC [63] 34 CDDP or MMC – 72 41 17%
Bethesda, MD [12] 49 CDDP 5FU  + taxol 28 92 59%
Turin, It [64] 42 CDDP + DX – 72 65 44%
New York, NY [8] 54 CDDP + MMC – 48 55 50%
Washington, DC [28] 62 CDDP + DX Taxol 37 79 50%
Villejuif, Fr [65] 26 OX ± IRI – 54 NS 68%
Sydney, Au [66] 20 CDDP + DX – 18 30
Basingstoke, UK [67] 76a CDDP + DX CDDP + DX NS 98 NS
Milan, It [11] 108 CDDP + DX – 49 63 52%
International [68] 401 Various Various 33 53 47%
Bethesda, Pittsburgh, Baltimore [69] 211 CDDP or MMC 5FU  + taxol NS 38 26%
Lyon, FR [70] 28 CDDP + MMC – 34 37 NE
Pittsburgh, PA [71] 65 CDDP + MMC – 37 46 39%
Washington, DC [72] 205 CDDP + DX Taxol 31 77 52%
RENAPE [73] 249 Various – 24 NR 80%b

CDDP cisplatin, DX doxorubicin, MMC mitomycin-C, OX oxaliplatin, IRI irinotecan, NS not stated, NR not reached, 
5FU 5 fluorouracil, OS overall survival, HIPEC hyperthermic intraperitoneal chemotherapy, EPIC early postoperative 
intraperitoneal chemotherapy
aThirty-nine patients were affected by multicystic or papillary well-differentiated mesothelioma
bThree year survival
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patients, respectively [68, 69, 73]. The 
International study was sponsored by the 
Peritoneal Surface Oncology Group International 
(PSOGI) and included patients treated in eight 
centers from 1989 to 2009. Major operative mor-
bidity of 46%, mortality of 2%, median survival 
of 53 months, and 5-year survival of 47% were 
reported [68].

We reported operative long-term outcomes for 
108 patients treated with complete CRS/HIPEC 
(post-cytoreductin residual disease ≤2.5  mm). 
Treatment-related morbidity and mortality were 
38.9% and 1.9%, respectively. Median survival 
was 63.2  months. Interestingly, there were 19 
(43.6%) actual survivors of the 39 patients with 
potential follow-up >7  years, suggesting that 
patients surviving >7  years may be cured. On 
multivariate analysis, epithelioid histology and 
negative lymph node correlated with both overall 
survival and progression-free survival [11].

Several predictive factors for overall survival 
in patients with DMPM have been identified. 
Consistently with the notion that HIPEC penetra-
tion depth in residual tumor tissue is only a few 
millimeters, complete cytoreduction is manda-
tory for successful treatment [47]. Achievement 
of CCR-0/1 cytoreduction is highly dependent on 
the extent of peritoneal disease, involvement of 

crucial anatomic regions, and tumor aggressive-
ness [30]. Outcomes from numerous studies have 
supported this finding: disease stage based on 
percutaneous coronary interventions (PCI) was 
identified as a prognostic factor by Yan [74], 
Schaub et al. created a nomogram to predict sur-
vival that was partly based on PCI [75]. Magge 
found similar finding with lower PCI being pre-
dictive of increased survival [71]. Male sex and 
older age have been also associated with poorer 
prognosis [69, 71, 76].

Significant pathological and biological prog-
nostic factors reported in the literature are sum-
marized in Table 21.6. One of the most consistent 
factors is the histological type. Significantly, 
worse outcomes have been reported for sarcoma-
toid and biphasic DMPM than the epithelioid 
subtype [11, 68, 75]. Both Schaub and Alexander 
further sub-categorized the epithelioid subtype 
into tumors with significant solid component as a 
marker for worse outcomes, as compared with 
epithelioid DMPM with a tubule-papillary pat-
tern [69, 75]. Magge showed that there may be no 
benefit from CRS-HIPEC in the sarcomatoid and 
biphasic groups, with a median survival of 10.5 
versus 51.5 months for epithelioid DMPM [71]. 
On the contrary, a recent PSOGI registry study 
reported better results, with a median survival of 

Table 21.6 Significant prognostic factors of peritoneal mesothelioma

Author (ref) Pts Factors HR (95% CI) p Value (Cox)
Feldman [12] 49 Deep invasion 4.24 (1.06–16.9) 0.041
Borczuk [8] 54 P16

Mitotic count
3.65 (1.3-10.2)
3.07 (1.05-9.0)

0.014
0.04

Deraco [7] 49 Mitotic count 10.46 (1.98–5.23) 0.01
Villa [13] 38 Telomerase 3.30 (1.23–8.86) 0.018
Cerruto [28] 62 Histology

Nuclear size
NA
NA

0.01
0.01

Yan [68] 402 Histology
Node status

7.54 (2.91–10.36)
3.93 (1.75–6.02)

0.001
0.001

Baratti [11] 110 Histology
Node status
Ki67

3.70 (1.69–7.69)
2.10 (1.08–4.09)
2.94 (1.38–6.24)

0.001
0.003
0.005

Alexander [69] 211 Histology 2.14 (1.17–3.91) 0.01
Hommell-Fontaine [70] 28 GLUT-1 21.5 (2.7–171.4) 0.004
Pillai [84] 28 Ki-67 4.8 (1.2–14.2) 0.016
Magge [71] 65 Histology 5.4 (2.1–14.0) 0.001
Ihemelandu [72] 205 Histology 6.1 (2.7–14.0) 0.001

HR hazard rates, NA not assessed
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7.8  years in patients with biphasic histology 
undergoing CCR-0 cytoreduction, thus suggest-
ing that biphasic DMPM should not be consid-
ered as an absolute contraindication [78].

The prognostic impact of lymph-node metas-
tases has been reported in both single center and 
multi-institutional series [11, 68, 74]. Individual 
studies have also identified mitotic rate [8, 11, 
79], GLUT-1 expression [80], preoperative 
CA-125 [30, 75], telomere maintenance mecha-
nisms [13], estrogen receptors [81], BCL2 [77], 
MUC-1 [82], BAP1, NF2, CDKN2A [83], PD-L1 
[80], and preoperative thrombocytosis [84] as 
predictors of survival.

We recently developed an algorithm by means 
of conditional inference tree model [9]. This 
model relies on pre-cytoreduction PCI and tumor 
proliferative index measured by Ki-67 using 
immunohistochemistry. Three prognostic subsets 
were defined: (I) Ki-67 ≤ 9%; (II) Ki-67 > 9% 
and PCI 17; and (III) Ki-67 > 9% and PCI > 17. 
The median OS for subsets I, II, and III were, 
86.6, 63.2, and 10.3  months, respectively. The 
model had an acceptable discriminant capacity 
with a bootstrap-corrected Harrell c-index of 
0.74 (see Fig. 21.9).

21.8.1  Low-Grade Peritoneal 
Mesotelioma

MCPM and WDPM are rare variants of mesothe-
lioma. In a few centers, these disease entities 

have been treated by CRS/HIPEC due to their 
tendencies to give multiple local-regional recur-
rences and reported potential to evolve into truly 
malignant DMPM. In 2007, we reported a series 
of four women with MPM and eight with 
WDPPM undergoing cytoreduction and close- 
abdomen HIPEC with cisplatin and doxorubicin. 
Seven of them were treated for recurrent disease 
after previous debulking. After a median follow-
 up of 27 months (range 6–94), 5-year overall and 
progression-free survival were 90.0% and 79.7%, 
respectively. Transition of typical WDPPM to 
malignant biphasic mesothelioma was docu-
mented in one patient who died of disease pro-
gression following incomplete cytoreduction and 
HIPEC.  We were able to calculate median 
progression- free survival of 24  months (range 
2–87) following previous debulking surgery in 7 
patients (one operation in five patients, two oper-
ations in one, and four operations in one), that 
was statistically worse than the corresponding 
figure after CRS/HIPEC in the same patients 
(p = 0.0156) [24].

Outcomes of MPM were also studied as a sub-
group analysis from the PSOGI registry. There 
were 26 patients (6.4%) with a large preponder-
ance of females (n = 20). Following a median fol-
low up of 54 months (range 5–129), all patients 
treated were alive and free of disease [85]. In our 
most recent institutional update, we reviewed 19 
patients with MCPM who underwent 20 CRS/
HIPEC procedures in our center between August 
1997 and October 2017. The majority of the 

Ki-67
≤ 9%

PCI
≤ 17

NO

NO

YES

Patients n. = 67
Median survival
= 86.6 months.

Patients n. = 15
Median survival
= 63.2 months.

Patients n. = 32
Median survival
= 10.3 months.

YES

Fig. 21.9 Conditional inference tree 
method. Three prognostic groups are 
identified, based on Ki-67 and peritoneal 
Cancer Index (PCI): (I) Ki-67 ≤ 9%; (II) 
Ki-67 > 9% and PCI ≤ 17; and (III) 
Ki-67 > 9% and PCI > 17. The median OS 
for the three group was, 86.6, 63.2, and 
10.3 months, respectively
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patients were females (n = 17, 89%), and mean 
age was 42. Mean PCI was 15.5 ± 9.9 and total 
number of procedures performed 6.7 ± 2.6. Major 
complications occurred in 3 (15%) patients, with 
no perioperative mortality. After a median of fol-
low- up of 69 months (range 4–220) all patients 
were alive and four patients had recurrence 
(21%). Patients with high PCI (defined by median 
PCI) had shorter recurrence-free survival 
(106.4  ±  6.6  months versus 125.6  ±  34.1; 
p = 0.03) [86].

21.8.2  Staging of Peritoneal 
Mesothelioma

No staging system exists for DMPM, because of 
its rarity and unique clinical presentation with 
diffuse disease dissemination throughout the 
peritoneum, and no primary lesion. As a curative- 
intent treatment has become available, the inter-
national PSOGI registry collecting 292 DMPM 
patients undergoing CRS/HIPEC has been used 
to formulate a new tumor-node-metastasis 
(TNM) staging system [74].

Yan assessed tumor (T) category according to 
the extent of peritoneal involvement, as scored 
intraoperatively by PCI. PCI was categorized into 
T1 (PCI 1–10), T2 (PCI 11–20), T3 (PCI 21–30), 
and T4 (PCI 30–39). Node (N) and metastasis 
(M) factors were defined according to the pres-
ence versus absence of positive intra-abdominal 
lymph nodes and hepatic or extra-abdominal 
involvement. The T1, N0, M0 defined stage 1. 
T2-3, N0, M0 defined stage 2. T4, N0, M0, and 
N1 or M1 with any T, defined stage 3. Five-year 
survival associated with stage I, II, and III was 
87, 53, and 29%, respectively. The proposed 
TNM staging was associated with survival in the 
multivariate analysis, together with histological 
subtype, and complete cytoreduction.

Based on the evidence that prognosis of 
DMPM is predominantly dependent on patho-
logical and biological features, such as histologi-
cal subtype and proliferative activity, we 
hypothesized that the prognostic stratification of 
the recently proposed TNM could be improved 
by the incorporation of a pathological grading 

system. We defined pathological grading as 
follows:

 – Grade 1: mitotic count (MC) ≤  5/10 high 
power fields (HPF), or Ki-67 index ≤  5% 
(percentage of positive cells among 2000 
tumor cells).

 – Grade 2: MC 5–25/10 HPF or Ki-67 index 
> 5%.

 – Grade 3: MC >  25/10 HPF or Ki-67 index 
>  25% or presence of any spindle cell 
component.

Stage grouping was revised as follows: T1-3, 
N0, M0, G1 defined stage I; T4, N0, M0, G1, or 
T1-3, N0, M0, G2 defined stage II. Stage III was 
defined by any of the following: (1) G3; (2) N1; 
(3) M1; (4) T4, N0, M0, G2.

For stage I, median overall survival was not 
reached (71.6% at 5-year). For stage II and III, 
median survival was 39.5  months (95% 
CI = 34.6–44.4) and 12.6 months (95% CI = 6.8–
18.5), respectively. In a Cox multivariable model, 
modified TNM (hazard ratio (HR)  =  2.3, 95% 
CI = 1.7–3.3; p < 0.001), completeness of cytore-
duction (HR = 2.0; 95% CI = 1.4–2.9; p < 0.001), 
and major complications (HR  =  1.7; 95% 
CI = 1.1–2.8; p = 0.030) independently correlated 
with survival. The previously proposed TNM was 
not significant (p = 0.507) [87].

By means of 25 demographic, laboratory, 
operative, and histopathological variables, Schaub 
developed a nomogram using machine- learned 
Bayesian belief networks with stepwise training, 
testing, and cross-validation to predict prognosis 
of DMPM patients who underwent CRS/
HIPEC.  Among 104 patients treated at the 
National Cancer Institute/NIH, Bethesda, MD, 
mean PCI was 15, 66% of patients had a CCR- 0/1 
cytoreduction, and 87% of patients had epitheli-
oid histology. Median follow-up was 49 months 
(1–195), and 3- and 5-year survival rates were 58 
and 46%, respectively. Histological subtype, PCI, 
and preoperative serum CA-125 had the greatest 
impact on survival and were included in the 
nomogram. The mean areas under the ROC curve 
for the ten-fold cross-validation of the 3- and 
5-year models were 0.77 and 0.74, respectively. 
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This nomogram may potentially individualize 
patient care and prevent CRS in patients unlikely 
to achieve favorable outcomes [75].

21.9  Conclusion

Even in the absence of controlled data, the cur-
rent evidence suggests that the comprehensive 
approach of CRS/HIPEC is now the benchmark 
against which other treatments have to be evalu-
ated. The optimization of several important clini-
cal issues is still ongoing, including patient 
selection for treatment, adaptation of CRS tech-
niques to this peculiar disease, and role of inte-
grated systemic and local-regional therapies in 
the individual patients. CRS/HIPEC and sCT 
should be applied according to histology, tumor 
biology, disease stage, and patient condition as 
follows:

• CRS/HIPEC is recommended for low-grade 
PM (WDPM and MCPM) with no need of fur-
ther treatment.

• Patients with not resectable or metastatic 
DMPM, and/or poor general status not allow-
ing major abdominal surgery, should be con-
sidered for sCT.

• Patients with DMPM confined to the perito-
neum and not fit for major abdominal surgery 
or with disease not fully resectable or resect-
able with extensive surgery conditioning 
higher risk of postoperative morbidity should 
be proposed for neoadjuvant sCT.  In these 
patients, CRS/HIPEC should be considered 
after sCT in case of important response.

• Patients with DMPM confined to the perito-
neum fit for major abdominal surgery, and 
with disease amenable to complete resection. 
This is the group of patients in whom CRS 
HIPEC is indicated as first-line treatment.

We believe that the rarity of this disease entity 
and complexity of its treatment approaches 
would make it necessary to be treated these 
patients in highly qualified referral centers. Novel 
systemic combination chemotherapy warrants 
further assessments as an adjunct to intraperito-

neally delivered drugs. Basic science research is 
rapidly evolving and future developments may 
come from integrating innovative molecular and 
cellular approaches into comprehensive treat-
ment strategies.
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Rare Localizations 
of Mesothelioma

Marta Betti and Federica Grosso

22.1  Introduction

Malignant Mesothelioma (MM) commonly 
arises in the pleura and peritoneum but also 
occurs most rarely at pericardium, Glisson’s cap-
sule, and in males in the tunica vaginalis testis 
(TVT). In the early somite stage of the develop-
ment embryo, multiple coelomic spaces are 
formed. Each of these spaces is enclosed by 
mesoblasts, which are derived from the intra- 
embryonic mesoderm.

The pericardium is a double-layered sac, 
which surrounds and acts as mechanical pro-
tection for the heart. The outer sac is called 
fibrous pericardium and the inner one is called 
serous pericardium. The serous pericardium is 
divided into the parietal pericardium, which is 
directly fused with the fibrous pericardium, 
and the visceral pericardium, which adheres 
directly to the heart. The two layers of the 
serous pericardium are separated by the peri-
cardial cavity, a virtual space, which contains 
the serous fluid [1].

The tunica vaginalis is a serous membrane 
that surrounds the testis or epididymis (visceral 
lamina) or the spermatic cord and internal wall of 
the scrotum (parietal lamina) [2]. During embry-
ologic development, the tunica vaginalis derives 
from the closure of the superior portion of the 
processus vaginalis, a socklike evagination of the 
peritoneum. This structure normally covers the 
entire testis except from the posterior border. It 
has a visceral layer and an outer parietal layer 
that lines the internal spermatic fascia of the scro-
tal wall. These layers and the potential membrane 
they delimit may be affected by a wide variety of 
pathologic processes, including neoplastic disor-
ders [3]. Histologically, the cells that line the 
tunica vaginalis are similar to those that line the 
pleura, peritoneum, and pericardium, thus are at 
risk of developing mesothelioma [4].

The Glisson’s capsule extends into the liver, 
as a layer of connective tissue surrounding the 
liver and sheathing the hepatic artery, portal 
vein, and bile ducts within the liver. In literature, 
the capsule composition has been debated. Some 
authors believe that Glisson’s capsule is charac-
terized by collagen fibers including type I and 
type III collagen, fibroblast cells and small blood 
vessels, and no mesothelial cells of its own, sug-
gesting that malignant peritoneal mesothelioma 
could invade the liver [5]. By contrast, other 
authors speculate that Glisson’s capsule is 
 covered by mesothelial cells and exactly these 
cells are the origin of the primary intrahepatic 
mesothelioma [6].
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22.1.1  Incidence

The extra pleural malignant mesotheliomas 
(EPMMs), i.e., pericardial mesothelioma (PM), 
mesothelioma of the tunica vaginalis testis 
(MTVT), and primary intrahepatic malignant 
mesothelioma (PIHMM), are very rare tumors. In 
the Italian National Mesothelioma Registry 
(ReNaM), between 1993 and 2012, PM and MTVT 
accounted for 51 (0.2%) and 65 (0.3%) of 21,463 
MMs diagnosed, respectively [7] (Table 22.1). The 
ReNaM reported that PM and MTVT each made 
up to 0.3% of all MMs in the country between 1993 
and 2012, with estimated standardized incidence 
rates of 0.003 and 0.01 (per 100,000 person-year), 

respectively [7]. The United States SEER program 
reported incidence rates of 0.36 and 0.54 (per 
10,000,000 person- year) in 1973–2013 for PM and 
MTVT, respectively [8].

Cases of PIHMM are only sporadically 
reported. To the best of knowledge, only 15 cases 
of PIHMM have been so far reported in the pub-
lished literature [9] (Table 22.2).

22.1.2  Asbestos Exposure

The International Agency for Research on 
Cancer (IARC) asserted that all types of asbes-
tos are carcinogenic and may cause MM at any 
site [10]. However, the etiological role of asbes-
tos exposure in EPMMs has not formally been 
demonstrated in case-control epidemiological 
studies. Thus, the potential role of asbestos 
exposure in PM and MTVT development has 
been suspected. In large occupational cohorts 
with heavy asbestos exposures, no cases of PM 
and MTVT have been reported, by contrast, 
30% of case reports  published have some poten-
tial, assumed, or confirmed history of asbestos 
exposure [8].

Table 22.1 Malignant mesothelioma cases collected in 
the Italian National Mesothelioma Register (ReNaM) 
by anatomical site (from V Rapporto ReNaM 1993–
2012 [7])

Pericardium 
(N = 51)

Tunica 
vaginalis testis 
(N = 65)

Sex, n (%)
M 35 (69%) 65 (100%)
F 16 (31%) –
Age
0–24 1 (2%) 1 (1.5%)
25–34 2 (3.9%) 3 (4.6%)
35–44 4 (7.8%) 5 (7.7%)
45–54 8 (15.7%) 7 (10.8%)
55–64 8 (15.7%) 7 (10.8%)
65–74 19 (37.2%) 21 (32.3%)
75–84 8 (15.7%) 19 (29.2%)
85+ 1 (2%) 2 (3.1%)
Histotype
Epithelioid 17 (33.3%) 35 (53.8%)
Biphasic 9 (17.6%) 9 (13.8%)
Sarcomatous 5 (9.8%) 4 (6.2%)
Not specified 14 (27.5%) 16 (24.6%)
Not available 6 (11.8%) 1 (1.5%)
Asbestos exposure
Occupational 22 (43.1%) 35 (53.9%)
Household – 1 (1.5%)
Environmental 1 (2%) –
Leisure-related – 1 (1.5%)
Unknown or 
improbable

13 (25.5%) 16 (24.6%)

To define 10 (19.6%) 8 (12.3%)
Not classified 5 (9.8%) 4 (6.2%)
Standardized incidence 
rates (per 100,000 
person-year)

0.003 0.01

Table 22.2 PIHMM cases collected from literature 
review

PIHMM (N = 15)
Sex, n (%)
M 7 (46.7%)
F 8 (53.3%)
Age
0–24 –
25–34 –
35–44 1 (6.7%)
45–54 3 (20%)
55–64 7 (46.7%)
65–74 3 (20%)
75–84 1 (6.7%)
85+ –
Histotype
Epithelioid 10 (66.7%)
Biphasic 4 (26.7%)
Sarcomatous 1 (6.7%)
Asbestos exposure
Yes 1 (6.7%)
No 11 (73.3%)
Not recorded 3 (20%)
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In the ReNaM, 45% of the PM cases and 
57% of the MTVT cases diagnosed between 
1993 and 2012 were identified and classified as 
definitely, probably, or possibly due to asbestos 
exposure in occupational setting, or otherwise, 
i.e., household, environmental, or leisure-
related exposure [7]. Moreover, the presence of 
asbestos bodies in the pericardium has been 
debated. Several studies reported the absence of 
the asbestos in the examined tissues, only two 
studies reported the presence of asbestos bodies 
in the lung tissues of PM patients [11, 12], and 
one study reported the presence of asbestos 
fibers in the pericardium [13].

The association between asbestos exposure 
and PIHMM has not yet been demonstrated. 
Only one patient out of 15 (6.7%) had a history of 
asbestos exposure [9].

22.2  Pericardial Mesothelioma

PM is the most common malignant primary of 
the pericardium [14]. The diagnosis is difficult 
because of the nonspecific clinical signs and 
symptoms. The symptoms and clinical signs may 
be nonspecific, such as cough, shortness of 
breath, weight loss, chest pain, and night sweats 
or more specific, such as edema, pericardial effu-
sion, constrictive pericarditis, and heart failure. 
Fever may be among the initial symptoms, poten-
tially misleading to inflammatory or infective 
pericarditis often responsible for delayed diagno-
sis. Unlike mesotheliomas of the pleura and peri-
toneum, radiography may not contribute to 
correct diagnosis for PM patients showing only 
an enlargement of the mediastinum [15] 
(Fig. 22.1). Citologically, the pericardial fluid is 

Fig. 22.1 Positron emission tomography (PET) and computed tomographic (CT) imaging of a pericardial 
mesothelioma
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often negative for malignant cells and shows only 
signs of inflammation, mainly activated mesothe-
lial cells aggregated in papillary structures. 
Therefore, most of PM are diagnosed post- 
mortem [4]. As for pleural and peritoneal meso-
theliomas, also for PM three histological subtypes 
have been recognized, i.e., epithelial, sarcoma-
tous, and biphasic, being the epithelioid histotype 
the most common as for the other primary sites.

The median age at diagnosis is 55.5  years 
(range 22–87) with a male-to-female ratio of 3:1 
at all ages [16]. PM tended to be diagnosed in 
younger patients with respect to pleural mesothe-
lioma. The prognosis is dismal and the median 
survival is approximately 5–7 months [8].

PM may spread locally, invading the myocar-
dium and the surrounding tissues, such as the 
pleura and lungs, or can metastasize to lymph 
nodes and distant organs (e.g., liver, bone, and 
brain). Treatment is mostly palliative and may 
include surgery approaches, i.e., pericardiotomy 
that may result in immediate, but temporary, 
relief of constrictive symptoms, pericardiectomy, 
surgical excision of the macroscopic tumor (fre-
quently incomplete), radiotherapy, and chemo-
therapy according to the protocols adopted in 
malignant pleural mesothelioma providing only 
little clinical benefit [17].

The etiology is rarely investigated, thus the 
potential role of risk factors for PM development 
has been only suspected. Smoking habits, thera-
peutic ionizing radiation, chemotherapeutic treat-
ment, and cardiovascular disease were deduced 
from the patient’s clinical history as potential risk 
factors [8]. Moreover, factors that may play a role 
include genetic predisposition, immune impair-
ment, infections, dietary factors, and recurrent 
serosal inflammation.

22.3  Primary Intrahepatic 
Malignant Mesothelioma

PIHMM has not been yet included in the World 
Health Organization (WHO) classification of 
hepatic tumors [18]. The PIHMM clinic patho-
logical characteristics remain to be elucidated. 
Pain and weight loss are common at presentation 

while cough can be caused by the irritation of the 
diaphragm. Fever usually occurs secondary to 
tumor necrosis and the lesion has been some-
times confused with hepatic abscesses. Pre- 
operative anemia affects at least one-third of 
patients (5/15). This finding represents a new and 
important association and is likely due to 
 intra- lesional bleeding. Imaging studies 
(Fig.  22.2) and tissues biopsies with histology 
examination (in particular positive immunohisto-
chemistry for calretinin and vimentin) should be 
included as preoperative evaluation to perform a 
correct diagnosis. Although difficult, it is impor-
tant to establish a differential diagnosis preopera-
tively between primary and secondary hepatic 
cancer (i.e., hepatocellular carcinoma, cholan-
giocarcinoma, and adenocarcinoma that metasta-
sized from an unknown site) because many 
cancers with the metastatic liver lesions usually 
need chemotherapy prior to surgery [9].

Histologically, three different patterns can be 
distinguished for PIHMM: epithelial, sarcoma-
tous, and biphasic. Two-third (66.7%) of the 
patients show epithelioid histology, while the rest 
is biphasic (26.7%) and only one is sarcomatoid. 
Approximately, 50% of patients with PIHMM 
are male and the mean age at onset is 60.4 (range 
41–83 years) [9].

PIHMM is usually located peripherally and 
invades deeper into the liver as it continues to 
grow. It may involve the diaphragm. Surgery 
when technically feasible is the mainstay of treat-
ment. Radiation therapy can be only delivered in 
selective patients with localized tumor and sys-
temic treatment with pemetrexed-based chemo-
therapy can only achieve partial remission and as 
only a palliative role.

22.4  Mesothelioma of the Tunica 
Vaginalis Testis

MTVT was described for the first time in 1957 
[19]. It is often a fatal type of testicular malig-
nancy. The clinical presentation is non-specific; 
insidious and painless enlargement of the scrotum 
with recurrent hydrocele occurs in more than half 
of patients and testicular or paratesticular mass is 
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Fig. 22.2 CT imaging of a mesothelioma arising from Glisson’s capsule
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present in approximately one-third. Thickening of 
the tunica vaginalis is an important sign of this 
disease. Most of MTVTs are unilateral.

As with PM, cytological analysis has low sen-
sitivity, thus a preoperative diagnosis is rarely 
obtained. Immunohistochemistry shows positiv-
ity to the same tumor markers that are used to 
diagnose pleural mesothelioma, i.e., calretinin, 
Wilms tumor antibody, D2-40, epithelial mem-
brane antigen, thrombomodulin, and cytokeratin 
7. Moreover, MTVTs are usually negative for 
immunohistochemical markers Ber-EP4, carci-
noembryonic antigen (CEA), Leu-M1, and 
tumor-associated glycoprotein (TAG-72). 
Ultrasound plays an important role for preopera-
tive diagnosis because ultrasonographic imaging 
shows specific features, i.e., focalized thickening 
of tunica vaginalis with nodules, multiple para-
testicular nodular masses, multiple nonhomoge-
neous nodular masses attached to the tunica 
vaginalis, and tumor with mixed echogenicity 
associated with hydrocele [20]. Actually, most of 
the cases are identified intra-operatively on the 
basis of hemorrhagic hydrocele fluid, white- 
yellow nodules or papillary excrescences of the 
TVT, or fibrotic thickening of the TVT.

MTVT is mainly epithelial with papillary, 
tubule-papillary, or solid pattern and sometimes 
is biphasic and sarcomatoid. The mean age at 
diagnosis is 58  years and the median is 63.5 
(range from 7 to 91 years) [8].

MTVT may invade the testis and frequently 
extends to the internal ring. Retroperitoneal or 
inguinal metastasis may occur if the testis is 
invaded or if vascular invasion is present.

Surgery, radiotherapy, and chemotherapy are 
the main treatment options for MTVTs and the 
multimodal treatment approaches are often 
offered to patients with advanced disease. 
Surgical intervention represents the treatment of 
choice and consists of radical orchiectomy and 
complete excision of the spermatic cord and 
hemiscrotum [21]. Cisplatin and pemetrexed may 
be used as chemotherapy. The prognosis is poor, 
with median survival of 23  months (range 
2–64 months) [22].

The pathogenesis is still unclear. History of 
prior condition in the testicular area, i.e., long- 

term inguinal hernia or herniorrhaphy, long- 
standing hydrocele, or long-term spermatocele 
has been reported as potential risk factors. 
Trauma, inguinal inflammation, long-term epi-
didymitis, orchitis, herniorrhaphy, inguinal infec-
tion, and tobacco smoking have all been also 
implicated as predisposing factors. As with PM, 
localized ionizing radiation and genetic predispo-
sition have been proposed as potential risk fac-
tors for MTVT [8]. However, as with other 
EPMMs, no epidemiological studies of risk fac-
tors for MTVT have been so far identified.

22.5  Conclusions

PM, PIHMM, and MTVT are very rare tumors 
and account for less than 1% of all mesothelioma 
cases, according to registry data and the literature 
review. The Italian ReNaM and the United States 
SEER program reported the estimated standard-
ized incidence rates only of PM and MTVT. These 
rare localizations of mesothelioma have not been 
much investigated because of their low preva-
lence. In literature, only a limited number of 
review, case reports, and case series have been 
found. The epidemiology of rare cancers is still 
poorly studied and the treatment of these excep-
tional presentations of MM poses many chal-
lenges and difficulties to clinicians. To date, no 
epidemiological case-control studies or cohort 
studies have been performed in order to identify 
their incidence and etiological risk factors.

The etiological role of asbestos exposure has 
been hypothesized for EPMMs. They share the 
same embryological origin (mesothelium) of 
pleura and peritoneum. Thus, it was speculated 
that asbestos fibers might reach the anatomical 
sites in two different ways: penetrating the pleura 
after inhalation and then being transported by 
lymphatic flow or reaching the blood stream and 
subsequently being distributed to the whole body 
[23]. The literature rarely reports asbestos expo-
sure in patients with these malignancies. For PM, 
30% of case reports published have some poten-
tial, suspected, or confirmed history of asbestos 
exposure although few details are provided [8]. 
Based on Italian ReNaM, patients with PM, and 
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MTVT mainly show occupational asbestos expo-
sure (approximately 43 and 54%, respectively). 
In spite of this, there are no cases in asbestos- 
cement industry, in shipbuilding and railway 
industries and there is only a case of MTVT in 
national defense (i.e., the highest risk economic 
sectors in which asbestos exposure is significant 
and in which the highest rates of pleural mesothe-
lioma are seen). The absence of exposures in 
these traditional sectors is evident and not easy to 
explain, thus it needs to be confirmed in a larger 
sample. Therefore, the available evidences are 
not sufficient to suggest an association between 
inhaled asbestos exposure and the development 
of PM and MTVT [24]. Review of the literature 
disclosed only 15 previously reported adult cases 
of PIHMM.  Only one patient showed occupa-
tional exposure to asbestos [9].

As with pleural mesothelioma, other risk fac-
tors are discussed in the etiology of these EPMMs 
(e.g., exposure to therapeutic ionizing radiation 
and genetic predisposition). Radiation therapy is 
mentioned as part of the medical history for few 
patients presenting with either PM or MTVT [8]. 
Patients received irradiation for previous malig-
nancies (e.g., breast cancer, Hodgkin, and non- 
Hodgkin lymphomas). A germline predisposition 
to mesothelioma has been previously described 
[25]. Patients with germline mutations at the 
BAP1 gene show a large risk of developing an 
inherited cancer syndrome that includes different 
tumors, among which pleural and peritoneal 
mesotheliomas [26–29]. Although these muta-
tions have not yet been found in patients with 
EPMM, it is not unreasonable to expect that they 
may play a role in the pathogenesis of these 
tumors.

Because of the low sensitivity and the poor 
specificity of the diagnosis, EPMMs can be 
extremely challenging to diagnose for clinicians, 
often resulting in numerous physician visits, mis-
diagnoses, and substantial delays in diagnosis. 
The National Comprehensive Cancer Network 
evidence-based cancer guidelines made no rec-
ommendations for their management. EPMMs 
have a non-specific and atypical clinical presen-
tation, thus the diagnosis may be demanding and 
often establish post-operative or post-mortem. 

Physical examination, imaging studies, patho-
logical examination, and immunohistochemical 
staining are required to confirm the diagnosis of 
EPMMs. Information about asbestos exposure is 
important because it could raise the possibilities 
of a correct mesothelioma diagnosis.

A standard treatment does not exist and the 
vast majority of cases with advanced disease can 
be treated with palliative systemic treatment only 
using the same regimen as for malignant pleural 
mesothelioma. Locoregional approaches can 
have a role in palliating symptoms in PM whereas 
more extensive surgeries with curative intent 
should be offered within multimodal approaches 
to patients with localized PIHMM or MTVT.

Global efforts, such as prospective registry for 
these exceptional presentations should be 
strongly encouraged to improve clinical knowl-
edge about their clinical history, prognostic, and 
predictive factors and to help clinicians to choose 
the best treatment for each patient.
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Unmet Needs and Future Outlook 
of Mesothelioma Management

Dean A. Fennell

23.1  Overcoming the Therapeutic 
Plateau in Mesothelioma

Despite all of the research efforts during the last 
one and a half decades, mesothelioma remains a 
cancer lacking effective therapy after first-line 
treatment. This is clearly a huge unmet need. 
This chapter will discuss how this problem is 
being currently addressed and some of the key 
clinical research trajectories being taken to meet 
this challenge.

There have been bold attempts to develop 
treatments in the relapsed setting in well-designed 
large randomized clinical trials. To date, none of 
these have been positive. A major hurdle in devel-
oping effective therapy is phenotypic diversity. 
Mesothelioma is a mosaic that comprises genom-
ically diverse subtypes. Presently, molecular 
stratification of treatments for mesothelioma is in 
its infancy. However, targeted approaches are 
emerging that may provide important opportuni-
ties to selectively and effectively treat patients, 
based on protein, DNA, or methylation specific 
tests. Some of the more important advances will 
be discussed.

Third, our knowledge of mesothelioma and its 
biology is changing rapidly. This is driven by the 
informatics revolution and global collaborative 

efforts such as the tumour genome atlas (TCGA) 
and other large scale genomic profiling efforts. 
Coupled to platforms capable of screening for 
drug–gene interactions, exciting opportunities 
exist to not only lay bare the most promising 
molecular targets, but also to generate drug-gene 
interaction hypotheses that can be tested in the 
laboratory, in order to translate into the clinical 
setting.

Finally, the immunotherapy revolution has 
transformed the treatment of another thoracic 
cancer (non-small cell). Can this happen for 
mesothelioma? I believe that the answer is 
“Almost certainly”; the international consensus 
internationally being “yes.” This is evident from 
the emerging early phase data for immunother-
apy. However, to approve treatment, large well 
designed randomized phase III trials are needed, 
coupled with biomarkers capable of enriching 
patients likely to benefit.

23.2  Inter-Patient Genomic 
Heterogeneity: A Barrier 
to a One Size Fits All 
Approach

Identifying an approved therapy for mesotheli-
oma in the relapsed setting has proven an insur-
mountable challenge to date. Three key reasons 
underpinning this failure are as follows.

Perhaps the most important factor has been 
insufficient efficacy across an unselected 
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 population. Addressing this problem requires 
research investment, to deal with mesothelioma 
specific biological features and optimal ways to 
have them targeted. To date, there has been lim-
ited investment in mesothelioma drug-discovery 
research, increasing the level of challenge.

Second, inter-patient heterogeneity. 
Mesothelioma comprises three major morpho-
logical subgroups which exhibit a spectrum of 
aggressiveness, increasing from epithelioid 
through biphasic to sarcomatoid. By amalgamat-
ing these subtypes into a single group as has been 
the case in most studies historically, attempts to 
uncover efficacy signals may have been thwarted 
by dilutional effects of the inter-patient heteroge-
neity. For example, in the context of a well- 
designed randomized placebo-controlled clinical 
trials, patients with indolent or slow growing 
mesothelioma, may do relatively well in time-to- 
event analyses. Similarly, in the absence of an 
efficacious control arm, the paucity of double 
blind placebo or active symptom controlled ran-
domised controlled trials may have contributed to 
a failure in identifying potentially active treat-
ments. Looking back at early lung cancer devel-
opment, for example, early incremental changes 
in therapy in the relapsed setting depended on 
this approach [1, 2].

Recent studies involving genomic interroga-
tion have greatly increased our understanding of 
how somatic genomic landscape of mesothelio-
mas differ between individuals, the impact of 
these genetic changes on tumour behaviour [3], 
and the implications for drug-based interventions. 
Bueno et al. have conducted the largest genomic 
interrogation of mesothelioma to date [4], involv-
ing the analysis of 99 whole exomes, and 103 tar-
geted exomes from 216 patients. In common with 
earlier, smaller, yet seminal studies of inter-patient 
genomic heterogeneity [5, 6], recurrent muta-
tions, and copy number alterations were observed 
in consensus cancer genes BAP1, NF2 with evi-
dence of high-frequency CDKN2A deletions, 
respectively. Based on the catalogue of somatic 
mutations in cancer (COSMIC) as well as meso-
thelioma specific transformation studies [7, 8] and 
transgenic mouse data [9], NF2, BAP1, and 
CDKN2A are among the most common genomic 

aberrations in mesothelioma, that are most likely 
cancer drivers for which targeted strategies could 
be applied. Gene-dosage effects are evident with 
concurrent involvement of more than driver con-
ferring a more aggressive phenotype [9].

Studies reveal a complex genomic architec-
ture of mesothelioma, with individual gene har-
bouring diverse alterations such as fusions, single 
nucleotide variants, fusions and copy number 
variation (including microdeletions); as exempli-
fied by inactivation of BAP1. In this example, 
inactivation correlates with a loss of nuclear 
expression (or in the case of deletion, loss of 
expression). Accordingly, protein expression pat-
terns revealed by immunohistochemistry may 
provide the most pragmatic single assay to assay 
putative function, in order to serve as a predictive 
biomarker [10–12] in stratified clinical trials. In 
the case of NF2, inactivation can occur by a two- 
hit mechanism involving both allelic loss and 
mutation [13]; furthermore, NF2 inactivation 
may be phenocopied by mutations in the same 
pathway involving LATS2, RASSF1, and SAV1 
[14], again challenging the choice of biomarker 
for therapy stratification.

Availability of whole exome sequencing data 
has enabled exploration of therapeutically trac-
table subsets. For example, microsatellite insta-
bility (MSI) involving hypermutation caused by 
defects in the mismatch repair system has been 
reported to occur at low frequency (<3%), in 
mesothelioma [15] as estimated by the genomic 
tool, MANTIS. MSI is associated with a higher 
neoantigen burden, tumour inflammation, and 
higher sensitivity to anti-PD1 immunotherapy. 
Recent Federal Drug Administration approval for 
the PD1 inhibitor pembrolizumab in MSI-high 
tumours was the first such site-agnostic approval 
that could potentially benefit a small fraction of 
patients with mesothelioma. A recent report 
exploring MMR deficiency in mesothelioma has 
failed to identify MSI in a cohort of 329 mesothe-
liomas as inferred by combined immunohisto-
chemistry and multiplexed microsatellite markers 
[16]. Collectively MSI appears to be a rare event, 
unlikely to explain the limited responses to 
immunotherapy, reported in mesothelioma and 
discussed in more detail below.
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Homologous DNA repair deficiency (HRD) 
associated with inactivation of the tumour sup-
pressor BRCA1 confers synthetic lethality to 
PARP inhibitors [17, 18]. Although not mutated 
in mesothelioma, BRCA1 protein expression is 
variable in mesothelioma, with loss seen in 38% 
of patients [19].

In the context of mesothelioma, a positive 
HRD has been found to correlate with poor prog-
nosis, and in one study 10 out of 82 patients were 
found to have at least one core gene altered in the 
homologous repair pathway. It is not known 
whether such patients might exhibit sensitivity to 
PARP inhibition [20]. BAP1 has been implicated 
as a regulator of BRCA1, with mutation leading 
to lower expression [21]. Coupled to evidence 
implicating BAP1 in homologous recombination 
[21], this raises the possibility that BAP1 may 
confer a HRD phenotype in mesothelioma. 
Recent preclinical studies have shown that PARP 
inhibitors do in fact have significant single-agent 
activity in cell lines. The precise mechanisms 
underpinning this phenotype and whether or not 
this translates into the clinic have yet to be 
determined.

Hassan et al. have recently reported that 12% 
of patients (29 out of 239) with mesothelioma 
have a germline pathogenic defect in a core DNA 
repair gene (screening for 73). These included 
BAP1 (N  =  17 pts), CHEK2 (N  =  5), PALB2 
(N = 2), and BRCA1, MLH1, POT1, TP53, and 
MRE11A (N = 1 each). Notably, all patients har-
bouring the BAP1 germline mutations (7%) har-
boured a second mutation predicted to lead to 
complete inactivation. Based on this, the team 
has initiated a clinical trial to explore the efficacy 
of the PARP inhibitior olaparib in mesothelioma, 
NCT03531840.

23.3  Rare Genomic Events 
and Therapeutic Opportunity

A subset of cancer genes harbouring inactivation 
events arises at relatively high frequency in 
mesothelioma (CDKN2A, BAP1, NF2). Recent 
interrogation of the genomic landscape has 
revealed rare events that may be therapeutically 

tractable. Analysis of genes undergoing positive 
selection (dN/dS > 1) that are potentially involved 
in transformation as cancer drivers, revealed 
three cancer genes which were present below 
10%; SETD2, LATS1, and protein patched 
homolog 1 (PTCH1). The latter having potential 
as a therapeutic target [22].

PTCH1 (protein patched homolog 1) is a 
tumour suppressor and receptor for sonic hedge-
hog, a secreted molecule involved in tumourigen-
esis, that upon binding PTCH1, leads to the 
release of the G protein-coupled receptor, 
smoothened protein (SMO) which then signals 
cell proliferation. PTCH1 normally suppresses 
the release of SMO.  Pathogenic mutations in 
PTCH1 are frequently found in basal cell carci-
noma and can be therapeutically targeted [23, 24] 
leading to significant tumour regressions. 
Accordingly, mesotheliomas harbouring PTCH1 
might be susceptible to such inhibitors. Preclinical 
evidence of activity of the Hedgehog (Hh) antag-
onist vismodegib has been recently reported [25–
27], consistent with other reports of constitutive 
Hh pathway signalling in mesothelioma. The 
potential role for PTCH1 driver mutations as a 
dependency on Hh signalling has yet to be 
explored. SMO and SUFO mutations involved in 
Hh signalling have been identified in preclinical 
models of mesothelioma, suggesting that Hh may 
be activated by mechanisms other than PTCH1 
mutation [28].

Mutated epidermal growth receptor (EGFR) is 
an established molecular target for treatment of 
lung adenocarcinoma. Early studies of the EGFR 
tyrosine kinase inhibitor (TKI) in mesothelioma, 
failed to show activity, despite there being evi-
dence of EGFR overexpression in 97% of 
patients. Pathogenic EGFR mutations confer 
addiction to EGFR TKI [29, 30]. In  mesothelioma, 
such mutations are rare but have been described 
[31–33]. To date, there is no evidence to suggest 
that mutations of EGFR in mesothelioma exhibit 
addiction and clinical sensitivity to specific 
EGFR TKIs.

In common with EGFR, rearrangement of the 
Anaplastic lymphoma kinase (ALK) gene (most 
commonly, EML4-ALK) is an established 
molecular target for stratified therapy in lung 
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adenocarcinoma [34–37]. Recent analysis of 88 
patients with peritoneal mesothelioma has 
revealed 13% of patients with positive anaplastic 
lymphoma kinase (ALK). Strong expression was 
associated with ALK rearrangements comprising 
novel fusion partners STRN, TPM1, and ATG16L 
[38]. Interestingly, these mesotheliomas lacked 
common driver mutations in CDKN2A, BAP1, 
NF2, or SETD2 suggesting mutual exclusivity. 
ALK rearrangements were associated with 
younger women and not associated with pleural 
mesothelioma. As with EGFR there is no evi-
dence reported to date to suggest that these novel 
rearrangements confer addiction to ALK inhibi-
tors either in the laboratory or clinical settings; 
however, therapeutic potential is a possibility 
awaiting exploration.

The evolutionary timing of rare mutations is a 
major factor in determining therapeutic potential. 
Such mutations may occur late in the natural his-
tory and appear as a branch mutation [39]. Such 
mutations will not be present throughout the 
tumour and, therefore, targeting may not confer 
the significant therapeutic benefit seen in lung 
cancer in the case of EGFR or ALK, or basal cell 
carcinoma (PTCH1). Understanding the evolu-
tionary timing of putative drugable mutations and 
their spatial heterogeneity will be crucial in 
defining potential as an oncogenic dependency. 
Such a study has been undertaken in non-small 
cell lung cancer and renal Cancer, prefixed 
TraceRx [40–43]. In the context of malignant 
pleural mesothelioma, systematic interrogation 
of the intratumour genomic heterogeneity is war-
ranted to help catalogue and segregate clonal ver-
sus non-clonal events.

23.4  Emergence of Personalised 
Therapy for Mesothelioma

Examples of mesothelioma stratification are 
emerging and beginning to enter the clinical 
arena with some early signals of efficacy. Perhaps 
the most advanced in terms of drug development, 
is the targeting of argininosuccinate synthetase 1 
(ASS1) negative mesothelioma. This enzyme is 
involved in the synthesis of arginine from citrul-

line, the penultimate step in the arginine biosyn-
thesis pathway. Because normal cells can 
synthesize arginine via this route, it is termed a 
non-essential amino acid. It has been shown, 
however, that the ASS1 expression is lost in a sig-
nificant proportion of mesotheliomas [44]. These 
mesotheliomas lose the ability to generate argi-
nine and become auxotrophic, that is, it becomes 
an essential amino acid and a metabolic depen-
dency or addiction.

Denying arginine from ASS1 negative meso-
theliomas leads to induction of apoptosis. Early 
preclinical studies highlighted a potential thera-
peutic pathway based on pharmacological manip-
ulation of circulating arginine [44]. This can be 
achieved by catalytic degradation using pegylated 
enzyme arginine deiminase (ADI PEG20). This 
concept was translated into the clinic in the 
ADAM study [45] in which patients were ran-
domised to either ADI PEG20 or active symptom 
control. The study met its primary endpoint, 
progression- free survival with a hazard ratio of 
0.56. Evidence of metabolic response was seen 
[46]. Loss of ASS1 was correlated with promoter 
methylation and the level of ASS1 silencing was 
correlated with efficacy. Subsequent studies 
revealed a correlation between loss of ASS1 
expression and resistance to platinum (in ovarian 
cell lines) [47]. Based on the potential synergy 
with platinum, a phase 1 clinical trial (TRAP) 
was conducted confirming the safety of ADI- 
PEG20/pemetrexed-cisplatin [48]. Based on this 
study and the finding that ASS1 deficiency has its 
highest frequency in biphasic and sarcomatoid 
mesotheliomas, a global phase II/III randomised 
clinical trial has been initiated called ATOMIC, 
that has been designed to evaluate the additional 
benefit of ADI-PEG20 with chemotherapy 
(NCT02709512).

Targeting of ASS1 represents a rare example 
of a rational strategy for treating mesotheliomas 
that have progressed stepwise from the bench to 
the bedside. Loss of ASS1 expression occurs via 
an epigenetic mechanism. Demethylation of 
ASS1 is a key mechanism underlying acquired 
resistance demonstrating plasticity of the target. 
However, this resistance is accompanied by a 
switch in metabolic dependence from arginine to 
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polyamine biosynthesis [49]. An increase in 
polyamine metabolites is seen in ASS1 deficient 
patients who become resistant to ADI-PEG20 
and a synthetic lethal relationship exists between 
polyamine metabolism and ASS1 negativity, 
implicating a novel strategy for treating these 
cancers.

BAP1 mutation was originally identified in 
two seminal publications, which identified both 
germline and somatic inactivating events in this 
tumour suppressor gene [5, 6]. BAP1 cooperates 
with the polycomb complex PRC2, to modify the 
epigenome via trimethylation of histone H3 (at 
aspartate 23). Levine’s group showed that this 
BAP1 mediated upregulation of PRC2 requires 
the methyltransferase activity of EZH2, and con-
fers sensitivity to inhibition of EZH2 both in vitro 
and in vivo [50]. Based on these observations, a 
phase II clinical trial of the EZH2 inhibitor taze-
metostat was enrolled in patients with BAP1 
inactivated mesothelioma (evidenced by immu-
nohistochemistry  - NCT02860286). This study 
was recently reported at ASCO 2018 to have met 
its primary endpoint, 12-week disease control, 
suggesting that targeting EZH2 in mesothelioma 
may exhibit clinically meaningful activity. This 
study represents the first prospectively stratified 
clinical trial based on targeting of a commonly 
mutated tumour suppressor.

23.5  Leveraging Large Scale 
Informatics Data to Identify 
New Therapeutic Approaches

Large scale efforts are underway to decipher both 
novel cancer dependencies and drug-gene inter-
actions that could serve as hypotheses for future 
proof-of-concept early clinical trials [51–54]. 
Such efforts have potential to reveal new ways to 
target common mutations present in mesotheli-
oma. One prominent example of this is the dis-
covery of protein arginine methyltransferase 5 
(PRMT5) as a synthetic lethal target in methyl-
thioadenosine phosphorylase (MTAP) deleted 
cancers [55–57]. This genomic event occurs fre-
quently in mesotheliomas and several other can-
cers and is associated with homozygous deletion 

of a region of the short arm of chromosome 9 
(9p21.1). This deletion carries not only CDKN2A 
which encodes the tumour suppressors p16ink4A 
(inhibitor of CDK4/6) and p14ARF (inhibitor of 
MDM2) along with MTAP. Complete deletion of 
MTAP was shown to perturb the metabolic levels 
of methylthioadenosine (MTA), inhibiting 
PRMT5 and increasing the susceptibility of 
PRMT5 to exogenous inhibition. In contrast to 
previous failed efforts to identify synthetic lethal 
strategies for MTAP deleted mesothelioma using 
L-alanosine [58, 59], an approach targeting the 
MTAP-PRMT5 synthetic lethal relationship, 
could be potentially exploited therapeutically.

Homozygous deletion of chromosome 9p21.2 
CDKN2A2 leads to loss of expression of 
p16ink4a, the endogenous inhibitor of cell divi-
sion kinase (CDK) regulators 4 and 6 [60]. 
CDK4/6 drive the cell cycle transition through 
the G1/S checkpoint by inhibiting the tumour 
suppressor, retinoblastoma protein (Rb) via its 
phosphorylation leading to dissociation of the 
E2F transcription factor. Accordingly, loss of 
p16inka enhances CDK4/6 mediated Rb phos-
phorylation and proliferation, contributing to 
transformation. CDKN2A deletion is negatively 
prognostic in mesothelioma [61, 62]. In contrast, 
large scale pan-cancer pharmacogenomics stud-
ies have revealed a statistically robust, strong 
association between CDKN2A deletion and sen-
sitivity to CDK4/6 inhibition [52]. As expected, 
this interaction is blocked by Rb mutation, which 
carries a very low mutation rate of 1.22% in 
mesothelioma.

The use of pharmacogenomically profiled cell 
lines to reveal potential vulnerabilities has been 
applied recently in the context of mesothelioma. 
The DR5 receptor (TRAIL receptor) was shown 
to be a potential drug target in BAP1 mutated 
mesotheliomas in  vitro, in  vivo, and in ex vivo 
mesothelioma explants [63]. This raises the 
potential of a drug which has to date not demon-
strated significant efficacy in unselected cancers.

Using this same high throughput screening 
approach, fibroblast growth factor receptor inhi-
bition was also shown to be sensitized by BAP1 
mutation [64]. Both of these strategies that target 
BAP1 are therapeutically tractable, increasing 
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the potential for BAP1 to be leveraged as a pre-
dictive biomarker.

Collectively, the growth of data linking 
somatic mutations in mesothelioma to drug sen-
sitivity provides the basis for expanding the rep-
ertoire of prospectively stratified clinical trials. 
One such model to explore multiple hypotheses 
in the clinical setting is the umbrella study [65], 
examples of which are currently underway in 
non-small cell lung cancer [66]. As an example, 
the British Lung Foundation funded MiST trial 
[67] will evaluate novel therapies in the context 
of BAP1, BRCA1, p16INK4A, and PDL1 strati-
fication with the goal of acquiring early phase 
efficacy signals in a prospective molecularly 
stratified context.

23.6  The Immunotherapy 
Revolution and Mesothelioma: 
 Key Challenges

Targeting PD1 and PDL1 has led to a paradigm 
shift in the treatment of multiple cancers includ-
ing non-small cell lung cancer where there have 
been multiple changes in the standard of care in a 
record time interval [68–74]. Disabling the PD1 
inhibitory checkpoint in mesothelioma has dem-
onstrated encouraging activity in the relapsed 
setting. The first prospective report of anti-PD1 
activity [75] in 25 patients with >1% PDL1 
expression, showed a 20% objective response 
rate with a 76% disease control rate. Those 
patients exhibiting a response went on to have a 
median duration of 12  months. Similarly, the 
PD1 inhibitor Nivolumab exhibits single-agent 
activity in unselected mesothelioma [76]; in a 
single centre phase 2 trial, 34 patients were 
enrolled to receive nivolumab. Twelve-week dis-
ease control rate was 47% (the study met its pri-
mary endpoint) with an associated 24% partial 
response rate. Interestingly, PDL1 was not found 
to correlate with outcome.

Accordingly, in neither study (representing 
the only published prospective phase II studies of 
anti-PD1 therapy to date), there is no definitive 
verdict on the role of PDL1 as a biomarker. 
Randomised trials will be needed to rigorously 

establish the interaction between PDL1 expres-
sion and efficacy; this is because PDL1 is signifi-
cantly associated with worse prognosis in 
mesothelioma [77]. If PDL1 is indeed positively 
predictive and negatively prognostic, this should 
increase the chances of detecting an efficacy sig-
nal. CONFIRM (NCT03063450) is an ongoing 
phase III trial evaluating nivolumab versus pla-
cebo in patients with relapsed mesothelioma [78] 
and PROMISE (NCT02991482) is comparing 
pembrolizumab versus chemotherapy (gem-
citabine or vinorelbine). These large randomised 
studies will provide more robust evidence regard-
ing efficacy of immunotherapy and also the value 
of PDL1 as a biomarker.

Recent studies have revealed synergistic inter-
actions between anti-PD1 therapy and different 
combination treatments, leading to changes in the 
standard of care in other cancer settings such as 
melanoma [79] and lung cancer [80, 81]. 
Targeting CTLA4 alone in mesothelioma has 
been robustly demonstrated as being inactive in a 
large randomised phase III trial [72, 82]. 
However, there is compelling evidence to suggest 
that combining with anti-PD1 or anti-PDL1 ther-
apy could be clinically useful. An early phase 
single arm trial has reported activity of CTLA4 
PDL1 combination therapy in relapsed mesothe-
lioma with durvalumab/tremelimumab [83] dem-
onstrating a 28% response rate with a median 
response duration of 16  months. The MAPS2 
(IFCT-1501) clinical trial randomised nivolumab 
and ipilimumab versus nivolumab alone, reported 
an incremental disease control rates (42.6% ver-
sus 51.9%), consistent with there being a syner-
gistic interaction [84], which has led to an orphan 
drug designation by the US Food and Drug 
Administration.

Other combinations may show promise in the 
clinic. Vascular endothelial growth factor (VEGF) 
negatively regulates the infiltration of T lympho-
cytes and its inhibition is both rationale synergis-
tic with anti-PD1 therapy [85]. In lung cancer, 
addition of bevacizumab incrementally increases 
the efficacy of anti-PDL1/chemotherapy [80]. In 
mesothelioma, studies are either enrolling 
(NCT03502746) or in development to explore 
anti-angiogenesis/PD1 or PDL1 combinations 
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(including the MiST trial). Based on emerging 
evidence, clinical synergy may be a real possibil-
ity in mesothelioma.

Regulatory T cells mediate immune inhibitory 
activity and are augmented by focal adhesion 
kinase (FAK), leading to evasion of anti-tumour 
immunity [86]. Inhibition of FAK potentiates 
anti-PD1 [87] in preclinical models, and this has 
led to a phase I clinical trial evaluation pembroli-
zumab and defactinib in mesothelioma 
(NCT02758587). Modulating the immune micro-
environment towards the anti-tumour phenotype 
is a major driver which has led to an increase in a 
diverse number of non-randomised combination 
studies that include the addition of antibody- 
dependent conjugate, hyperthermia, and arginase 
inhibition.

Perhaps the most promising combination strat-
egy to emerge recently has been the impressive 
synergy observed when anti-PD1 or anti- PDL1 
therapy is combined with chemotherapy [72, 80] 
in non-small cell lung cancer [72, 80]. Studies are 
now underway in mesothelioma (NCT02784171, 
NCT02899195, ACTRN12616001170415), which 
is capable of recapitulating the incremental bene-
fits seen in lung, could transform outcomes for 
patients. This approach may be particularly impor-
tant in lessening the requirement for upfront bio-
marker stratification.

23.7  Summary: A Rapidly 
Evolving Landscape of New 
Therapeutic Opportunities

The last 5 years have seen an extraordinary trans-
formation of the mesothelioma research land-
scape. These changes spanning our understanding 
of the genomic landscape and interpatient hetero-
geneity is driving the emergence of stratified 
therapy, with early clinical signals of promise. 
The immunotherapy revolution has already trans-
formed the lives of patients with a diverse range 
of cancers and mesothelioma is now in the firing 
line. There is an acceleration in the rate of new 
treatment paradigms being translated to mesothe-
lioma from other cancers (combination immuno-
therapy and chemoimmunotherapy being two 

examples). Based on this pace of development, it 
is widely anticipated that the next half decade 
will see significant changes to the standard of 
care particularly in the relapsed setting, which is 
long overdue.
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