UCSF

UC San Francisco Previously Published Works

Title
Mesothelioma: Scientific clues for prevention, diagnosis, and therapy.

Permalink
https://escholarship.org/uc/item/9f378769d

Journal
CA: a cancer journal for clinicians, 69(5)

ISSN
0007-9235

Authors

Carbone, Michele
Adusumilli, Prasad S
Alexander, H Richard

Publication Date
2019-09-01

DOI
10.3322/caac.21572

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9f37876g
https://escholarship.org/uc/item/9f37876g#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
CA Cancer J Clin. Author manuscript; available in PMC 2021 June 10.

-, HHS Public Access
«

Published in final edited form as:
CA Cancer J Clin. 2019 September ; 69(5): 402-429. doi:10.3322/caac.21572.

Mesothelioma: Scientific Clues for Prevention, Diagnosis, and
Therapy

Michele Carbone, MD, PhD!, Prasad S. Adusumilli, MDZ, H. Richard Alexander Jr, MD3, Paul
Baas, MD, PhD?, Fabrizio Bardelli, PhD®, Angela Bononi, PhD, Raphael Bueno, MDS,
Emanuela Felley-Bosco, PhD’, Francoise Galateau-Salle, MD8, David Jablons, MD?, Aaron
S. Mansfield, MD19, Michael Minaai, BS!, Marc de Perrot, MD11, Patricia Pesavento, DVM,
PhD2, Valerie Rusch, MD?, David T. Severson, PhD6, Emanuela Taioli, MD, PhD13, Anne
Tsao, MD14, Gavitt Woodard, MD?, Haining Yang, MD, PhD?, Marjorie G. Zauderer, MD1%,
Harvey I. Pass, MD16

Thoracic Oncology Program, University of Hawaii Cancer Center, Honolulu, Hawaii 2Thoracic
Service, Department of Surgery, Memorial Sloan Kettering Cancer Center, New York, New York
3Department of Surgery, Rutgers Robert Wood Johnson Medical School, New Brunswick, New
Jersey “Department of Thoracic Oncology, Netherlands Cancer Institute, Amsterdam,
Netherlands °National Research Council Institute of Nanotechnology, La Sapienza University,
Rome, Italy ®Division of Thoracic Surgery, Department of Surgery, Brigham and Women’s
Hospital, Harvard Medical School, Boston, Massachusetts “Laboratory of Molecular Oncology,
Division of Thoracic Surgery, University Hospital of Zurich, Zurich, Switzerland 8MESOPATH,
Department of Biopathology, Leon Bernard Cancer Center, Lyon, France ®Thoracic Oncology,
Department of Surgery, Helen Diller Cancer Center, University of California at San Francisco, San
Francisco, California 1°Division of Medical Oncology, Mayo Clinic, Rochester, Minnesota
1Princess Margaret Cancer Center, University Health Network, Toronto, Ontario, Canada
12pathology, Immunology, and Microbiology Laboratory, University of California at Davis,
Sacramento, California 3Translational Epidemiology and Department of Population Health
Science and Policy, Icahn School of Medicine at Mount Sinai, New York, New York 4Division of
Cancer Medicine, Department of Thoracic and Head/Neck Medical Oncology, The University of
Texas MD Anderson Cancer Center, Houston, Texas 1°Thoracic Oncology, Memorial Sloan
Kettering Cancer Center, New York, New York 6Department of Cardiothoracic Surgery, New York
University Langone Medical Center, New York, New York.

Abstract

Mesothelioma affects mostly older individuals who have been occupationally exposed to ashestos.
The global mesothelioma incidence and mortality rates are unknown, because data are not
available from developing countries that continue to use large amounts of asbestos. The incidence
rate of mesothelioma has decreased in Australia, the United States, and Western Europe, where the
use of asbestos was banned or strictly regulated in the 1970s and 1980s, demonstrating the value
of these preventive measures. However, in these same countries, the overall number of deaths from
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mesothelioma has not decreased as the size of the population and the percentage of old people
have increased. Moreover, hotspots of mesothelioma may occur when carcinogenic fibers that are
present in the environment are disturbed as rural areas are being developed. Novel
immunohistochemical and molecular markers have improved the accuracy of diagnosis; however,
about 14% (high-resource countries) to 50% (developing countries) of mesothelioma diagnoses are
incorrect, resulting in inadequate treatment and complicating epidemiological studies. The
discovery that germline BRCALl-asssociated protein 1 (BAPZ) mutations cause mesothelioma and
other cancers (BAP1 cancer syndrome) elucidated some of the key pathogenic mechanisms, and
treatments targeting these molecular mechanisms and/or modulating the immune response are
being tested. The role of surgery in pleural mesothelioma is controversial as it is difficult to predict
who will benefit from aggressive management, even when local therapies are added to existing or
novel systemic treatments. Treatment outcomes are improving, however, for peritoneal
mesothelioma. Multidisciplinary international collaboration will be necessary to improve
prevention, early detection, and treatment.

Keywords

asbestos; BRCA1-associated protein 1 (BAP1); cancer syndromes; chromothripsis; gene-
environment interaction; immunotherapy; mesothelioma

Epidemiology

A marked increase in the age-standardized mesothelioma incidence and mortality rates
began in the 1960s after the massive use of asbestos during World War 1l and thereafter. The
widespread use of asbestos continued in high-resource countries (the United States, Europe,
Australia) until the late 1970s and early 1980s, when strict regulations were implemented to
limit and ban the use of 6 of approximately 400 different mineral fibers present in nature
because these 6 fibers (amphiboles fibers [crocidolite, actinolite, tremolite, anthophyllite,
and amosite] and serpentine fibers [chrysotile]) were used commercially. For regulatory
purposes, these 6 fibers were collectively called “asbestos.” The remaining approximately
400 mineral fibers have not been regulated and can be used freely, although many of them
are carcinogenic and have been associated with mesothelioma.12 In addition, germline
mutations of BRCALl-associated protein 1 (BAPI) and of other tumor suppressor genes have
been causally linked to mesothelioma, at times together with exposure to asbestos or other
carcinogenic fibers (gene x environment interaction [GXE]).2 Also, therapeutic ionizing
radiation to the chest, usually to treat lymphomas, has been causally linked to mesothelioma
(and sarcomas), especially in young patients.3->

Incidence and Mortality in the United States

Approximately 3000 incident cases of mesothelioma are registered each year in the United
States.® The incidence rate varies between less than 1 case per 100,000 persons in states with
no asbestos industry to 2 to 3 cases per 100,000 persons in states with an asbestos industry.
1.2.7 These numbers most likely underestimate the true incidence as, even with the
development of the International Classification of Diseases, 10th revision coding system,
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about 20% to 25% of mesotheliomas are not coded correctly and therefore are not captured
by statistics.8 The causes of incorrect coding have been reviewed.® The age-standardized
incidence rates of mesothelioma peaked in the United States in the 1980s and early 1990s,
when the Surveillance, Epidemiology, and End Results Cancer Registry reported an age-
adjusted incidence rate of 2.5 cases per 100,000 persons.® Since then, the age-standardized
incidence rate decreased to 0.97 cases per 100,000 persons in 2009. From 2009 to 2015, the
US data show a further slight decrease in age-adjusted incidence rates to 0.88 cases per
100,000 persons in 2015. This modest decrease from 2009 to 2015 has been observed in
both males (from 1.87 to 1.7 cases per 100,000 persons) and females (from 0.32 to 0.28
cases per 100,000 persons). The mean age of death from mesothelioma in the United States
was 72.8 years, with a male-to-female (M:F) mortality ratio of 4.2:1, as men were
traditionally more likely to be employed in trades involving asbestos exposure. Indeed, men
and women with equivalent exposure to asbestos have a similar incidence of pleural
mesothelioma.? The latency from asbestos exposure to the development of mesothelioma is
about 30 to 50 years. The age-specific incidence rates increase past age 60 years, from 0.5 to
1.24 cases (from age 60-85 years) per 100,000 persons and reaches 6.34 cases per 100,000
persons in those older than 85 years. In the United States and in many countries, people are
living longer, and the population is getting larger. Thus, despite the decrease in age-adjusted
mesothelioma incidence rates per 100,000 persons in the past decades, the overall number of
new cases and of deaths per year caused by mesothelioma in the United States has remained
stable, at approximately 3000 deaths per year, and continues to steadily increase in many
countries because mesothelioma affects mostly older people, and the population is getting
older.6:10

and Mortality Worldwide

It has been estimated that, between 1994 and 2008, age-adjusted mesothelioma mortality
rates increased by 5.37% per year worldwide.® According to the World Health Organization,
11 the highest age-standardized incidence rates in 2018 were observed in the United States,
Australia, Russia, Western Europe, Turkey, South Africa, and Argentina. Moreover,
Australia, New Zealand, and the United Kingdom, where there has been a large burden of
ashestos exposure, show a temporal decline in mesothelioma mortality rates in males,
probably thanks to the introduction of regulatory laws. Instead, the rates in those countries
among females are still rising as of 2018.612 Among the countries that were part of the
Soviet Union or the Soviet bloc, where regulations have been limited or introduced in the
recent past,12 data are available only for Kyrgyzstan and Poland: both countries show
increases in mesothelioma rates in both sexes.!! The highest worldwide consumption of
asbestos from 1995 to 2003 occurred in Russia, China, Thailand, Brazil, India, Kazakhstan,
Iran, and Ukraine.11 The World Health Organization does not include mesothelioma
incidence and mortality data from these countries, with the exception of Kazakhstan, where
incidence rates increased from approximately 0 to 0.26 cases per 100,000 persons in the past
10 years. Because the asbestos bans and regulations went into effect during different times in
different countries, it is expected that mesothelioma rates will follow dissimilar patterns in
the next decades. By 1990, the use of asbestos in most industrialized countries had been
reduced by at least 75% from the peak asbestos consumption.14 Iran, Korea, Chile, and
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Egypt reached the same level of reduction of asbestos usage in 1999, as did Nigeria,
Zimbabwe, the United Arab Emirates, Ukraine, and Kazakhstan between 2000 and 2005.14
Other countries, such as the Russian Federation, India, and China, where asbestos is still
used, are expected to show dramatic increases in age-adjusted mesothelioma incidence and
mortality rates in coming years.

Very recently, South America’s largest mesothelioma study reported some characteristics of
302 pleural mesotheliomas from Argentina, Brazil, Colombia, Costa Rica, Panama, Mexico,
Peru, Nicaragua, and Venezuela.1® The median patient age at diagnosis was 61.1 years,
63.2% of patients were men, 78.5% had epithelioid mesotheliomas, 38.7% had previous
exposure to ashestos, 62.3% had stage 11 disease, and 37.7% had stage 1V disease.1®
Compared with patients who had mesotheliomas in the United States and Europe, these
Latin American patients were younger, the M:F ratio and the percentage of patients exposed
to asbestos were lower, and, surprisingly, median survival was significantly longer than in
the United States and Europel®17 despite the advanced stages of all 302 patients. These
findings might be consistent with a higher percentage of mesotheliomas linked to genetic
predisposition, which are associated with these characteristics (see below), and possibly to
better medical care. However, a significant concern when looking at these and other data
from developing countries is that the information about methodology and accuracy of
diagnosis is minimal. Recent articles indicate that there is a very high rate of incorrect
diagnoses, ranging from approximately 14% in the Western world to approximately 50% in
some developing countries, which can influence statistics,18-21 including survival (see
Diagnosis and Evaluation, below).

Asbestos Exposure and Mesothelioma in the 21st Century

A recent meta-analysis?2 explored the association between non-occupational exposure to
asbestos and pleural mesothelioma. Eighteen studies in 12 countries comprising 665 cases
were included; a significantly increased risk of pleural mesothelioma was reported for both
household exposure (odds ratio [OR], 5.4; 95% Cl, 2.6-11.2) and neighborhood exposure
(OR, 6.9; 95% CI, 4.2-11.4). Different strengths of association were observed according to
fiber type, with the strongest associations noted when amphibole was present and the
weakest when chrysotile was present. Therefore, the types of fibers to which residents?? are
exposed influences mesothelioma rates. Crocidolite and amosite fibers are considered the
main cause of mesothelioma among occupationally exposed individuals.23:24

Toxicological studies in rodents suggest that fiber length influences pathogenesis: the longer
the fibers (longer than 5-20 um), the more carcinogenic they are in rodents.2? Erionite is the
most potent fiber in causing mesothelioma upon inhalation in rodents and humans, yet most
erionite fibers are shorter than 5 pm.26 A possible explanation for this paradox is that only a
few longer fibers cause mesothelioma. However, the toxicological studies in rodents
showing increased carcinogenicity of fibers longer than 5 um cannot be extrapolated to
human mesothelioma because these studies were conducted by intrapleural or intraperitoneal
injection, thus bypassing the natural lung filter, where long fibers are trapped more easily
than short ones.

CA Cancer J Clin. Author manuscript; available in PMC 2021 June 10.
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Establishing accurate asbestos exposure is a complicated exercise. Histories of exposure are
generally reliable at a cohort level, for example, when studying a cohort of individuals
occupationally exposed to asbestos, such as asbestos miners, shipyards workers, etc, but
their reliability decreases at the individual level because, within a given category of workers,
exposure may vary greatly. Moreover, individuals may not correctly remember events that
occurred 30 to 50 years earlier. The naked eye can only detect “dust,” whereas a microscope
can establish whether a given dust contains asbestos and/or other carcinogenic fibers. To
overcome this limitation, specific questionnaires were developed to capture exposure more
reliably. These questionnaires were developed largely to identify different levels of exposure
within occupationally exposed individuals—for example, an accountant and a miner both
working for the same “asbestos” company, different lengths of employment, etc—but they
are less reliable at identifying exposure among non-occupationally exposed individuals, who
currently represent an increasing proportion of patients with mesothelioma. Lung content
analyses measure the concentration of fibers in lung tissue and provide evidence of
exposure, but they are rarely performed because of the lack of availability of lung biopsies,
costs, and legal reasons. There was no correlation seen in a study of patients treated at the
US National Cancer Institute that compared “asbestos exposure” (as determined by history
of exposure obtained from patients with mesothelioma who were interviewed by trained
nurses and aided by the American Thoracic Division of Lung Disease Adult Questionnaire)
with lung content analyses in the same patients with mesothelioma. Several patients who did
not report ashestos exposure contained asbestos levels in their lungs above background, and
vice versa.2’ In the absence of lung content analyses, the combination of a history of
occupational exposure and radiological evidence of exposure, such as bilateral, calcified
pleural plagues, and/or histological evidence of several asbestos fibers in lung tissue (Fig. 1)
can be used to establish ashestos exposure with a certain level of reliability at the individual
level. Pleural plaques are frequent in patients with mesothelioma; for example, they were
found in 88% of asbestos-exposed patients with mesothelioma who had a history of
exposure confirmed by lung content analyses.24

Environmental Exposure to Asbestos and to Other Carcinogenic Fibers

Erionite is a carcinogenic fiber that has been linked to a mesothelioma epidemic in some
Cappadocian villages in Turkey, where it is naturally present in the environment and where it
was used to build homes and pave roads.26:28.29 |n the United States, there are several
deposits of naturally occurring erionite, and, after the discovery of oil in North Dakota,
erionite has been increasingly used to pave over 300 miles of dirt roads, resulting in
exposure levels measured in the air of transiting school buses similar to those measured in
the Cappadocian villages.28 This is but one example of a recent environmental phenomenon
with the development of rural areas in which some communities are inadvertently being
exposed to carcinogenic fibers that are present in the environment and are released in the air
because of human activities (mining, road construction, off-road driving, etc).3° Exposure
and human disease, including mesothelioma caused by mineral fibers present in the
environment, were documented in Turkey26:28.29 (erionite fibers), in Mexico®! (erionite), in
New Caledonia (antigorite fibers) and other countries,® and more recently in the states of
North Dakota (erionite),26 Nevada (mainly actinolite asbestos and also the other types of
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“asbestos” fibers [erionite, winchite, richterite, and antigorite]),32 and California (mainly
chrysotile and tremolite).33 In some of these countries and states, measures were introduced
to reduce or eliminate exposure and prevent mesothelioma in future generations.26:28.29 As
environmental exposure often begins at birth and occurs randomly among sexes,
mesotheliomas caused by the environment (unlike those caused by occupational exposure)
tend to occur at a younger age (<55 years) with an M:F ratio close to 1:1.5 However, not all
mineral fibers are carcinogenic: a recent study demonstrated that palygorskyte, a mineral
fiber abundantly present in the Mojave Desert in Nevada and present in desert dust storms, is
not carcinogenic.34

Exposure to simian virus 40 and exposure to talc

Simian virus 40 (SV40) is a DNA tumor virus that causes mesothelioma in 60% of hamsters
injected systemically3°3¢ and that readily transforms human mesothelial cells and astrocytes
in vitro.37:38 Millions of people were exposed to live, infectious SV40 that contaminated
polio vaccines until 1963 in the United States and until at least 1978 in the former Soviet
Union and member countries of the Soviet bloc.3° The possible link between SV40 and
human mesothelioma was reviewed by the International Agency for Research on Cancer,
which advised that SV40 is not classifiable as to its carcinogenicity to humans (group 3),40
and by the US National Academy of Medicine, which advised that “because the
epidemiologic studies are sufficiently flawed, the evidence was inadequate to conclude
whether or not the contaminated (SV40) polio vaccines caused cancer.”4!

Recently, there has been renewed interest regarding the hypothesis that talc, and/or talc
contaminated with asbestos, causes mesothelioma and other cancers.#2 Talc deposits may
include asbestos minerals, such as chrysotile and amphiboles, and other mineral fibers that
may be carried over into consumer products. Whether talc baby powders, the use of which
has been widespread worldwide in the past decades, are or were contaminated with asbestos
or with other carcinogenic fibers, and whether the amounts of this eventual contamination
are or were sufficient to cause mesothelioma is an hypothesis largely based on case reports.
43 The authors are not aware of any supporting epidemiological or mechanistic studies or of
experimental evidence in animals; however, this hypothesis may also depend on
investigation of various talc commercial products. The International Agency for Research on
Cancer stated that ashestos-free talc cannot be classified as to its carcinogenicity to humans
(category 3), whereas the use of perineal talc is classified as a possible human carcinogen
(category 2B),** a conclusion that was challenged by a recent meta-analysis.*®

Summary: exposure to asbestos and to other fibers and mesothelioma

In countries where regulations have been in effect for several decades, there has been a
decrease in mesothelioma incidence rates, but the rate of decrease so far has been much
lower than predicted.#® Thus, the hope that mesothelioma would disappear after the
implementation of strict regulations on asbestos has not materialized; instead, the number of
new mesotheliomas per year and of deaths per year continue to increase both in high-
resource countries and worldwide. There are many reasons that, in aggregate, help explain
this increase®: 1) the aging of the population (as mesothelioma incidence increases with
age); 2) the ongoing use of over 2 million tons of ashestos per year, albeit mostly in

CA Cancer J Clin. Author manuscript; available in PMC 2021 June 10.
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developing countries where regulations are nonexistent, lax, or implemented only recently;
3) asbestos already “in place” from past industrial use; 4) increased environmental exposure
to asbestos or to other carcinogenic fibers from geological sources as rural areas are being
developed; and 5) mesotheliomas caused by genetic mutations, as discussed below.

Currently, the majority of pleural mesotheliomas occur in individuals occupationally
exposed to asbestos, whereas peritoneal mesothelioma is rarely associated with asbestos
exposure (see Unique Characteristics of Peritoneal Mesothelioma, below). However, as the
cohorts of asbestos-exposed workers vanish (because of old age) from populations in which
strict regulations have been implemented, the number of cases of mesothelioma linked to
occupational asbestos exposure will steadily decrease in these populations, whereas the
number attributed to the dispersal of geological deposits by new construction and to genetic
predisposition (as associations with additional genes are recognized) will increase.2:6.12
Because only 6 of approximately 400 fiber types present in nature are regulated under the
generic name of asbestos, many potentially carcinogenic fibers are not regulated and
continue to cause human exposure and mesothelioma.1:6

Carcinogenic Mechanisms

How Do Asbestos and Other Carcinogenic Fibers Cause Mesothelioma?

Older studies proposed that asbestos fibers are phagocytosed by, or simply “puncture,”
human mesothelial cells and, once inside the cell, they can mechanically interfere with the
cell spindle during mitosis, causing chromosomal alterations responsible for carcinogenesis.
47 Although the images were impressive, these were all short-term studies: in these
experiments, human mesothelial cells invariably died within 2 to 10 days from exposure
because of the extensive genetic damage caused by asbestos,*’ and no immortal cell lines
ever emerged to support the hypothesis that such cells could evolve into a cancer.48:49
Moreover, mesothelial cells are much more susceptible than other cell types to asbestos
cytotoxicity and are also more susceptible than rodent mesothelial cells to asbhestos
cytotoxicity. This raised an obvious paradox: how could asbestos cause mesothelioma if it
kills human mesothelial cells?48 Numerous studies indicated that the chronic inflammatory
process caused by the deposition of mineral fibers in tissues and the related production of
mutagenic oxygen radicals induced by asbestos are responsible for asbestos pathogenesis
and carcinogenesis.>%-52 When asbestos and other fibers reach the pleura and peritoneum
through lymphatics, they remain in place for months or years, triggering a chronic
inflammatory process driven by high mobility group protein B1 (HMGB1) secretion and
related inflammasome activation, which induces the activation of nuclear factor kappa-light-
chain—enhancer of activated B cells (NF-xB) and the phosphatidylinositol 3-kinase (PI13K)
pathways in mesothelial cells.>-54 This environment favors the growth of mesothelial cells
that have accumulated mutations spontaneously or because they are exposed to mutagenic
reactive oxygen species released by inflammatory cells around asbestos deposits.>1:52 The
longer biopersistence of crocidolite and erionite compared with chrysotile likely accounts
for their increased pathogenicity.®!

CA Cancer J Clin. Author manuscript; available in PMC 2021 June 10.
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The Role of Genetics

Cancer is caused by the accumulation of genetic damage. Genetic damage can be inherited,
can develop spontaneously, can be caused by exposure to carcinogens and oncogenic
infectious agents, or can be caused by the interplay of a combination of these factors.
Currently, there is a very active debate about the relative contribution of these factors to
human cancer.

Briefly, human cells accumulate approximately 3 or more mutations per division: because
billions of cells divide each day, cancer is an inevitable risk in our lives.>>-27 Some argue
that spontaneous cancers, those occurring because cells develop “spontaneous” mutations
when they divide, are the cause of approximately two-thirds of all malignancies®®:57; others
instead propose that environmental carcinogens, which induce additional genetic damage
(“induced mutations,” such as ultraviolet light, asbestos, radiation, etc), cause greater than
two-thirds of malignancies and that spontaneous mutations cause “only approximately 10%
to 30% of cancers.58:59 This issue is complex. The proportion of “spontaneous” versus
“induced” cancers varies among different cancer types and among populations with various
prevalence of carcinogenic exposures; thus, it is difficult to quantify the relative contribution
of “spontaneous” versus “induced” mutations.50-62

In addition to “spontaneous” and “induced” somatic mutations, a growing percentage of
cancers are attributed to inherited mutations of DNA repair genes and of other genes that,
when mutated, accelerate the accumulation of DNA damage and/or the percentage of cells
carrying DNA damage.53 Inherited mutations may also increase susceptibility to
environmental carcinogens (GXE interaction).83 Thus, the previous hypothesis, which
focused almost exclusively on identifying human carcinogens to understand why cancer
developed in some individuals,®* is now being integrated with studies aimed at including
GXE interactions, which may better account for the observation that many are exposed but
only few get cancer and that some cancers occur in unexposed individuals.63.64

The concepts outlined above also apply also to mesothelioma, a cancer caused
predominantly by occupational or environmental exposure to asbestos and to other
carcinogenic fibers.2:2 In addition, the discovery that susceptibility to mesothelioma was
transmitted in a Mendelian fashion in some families,®® and the subsequent discovery of a
very high mesothelioma risk in family members who are heterozygous for inherited/
germline BAPI mutations,®8 underscore the role of genetics in mesothelioma.67-69
Homozygous germline BAPI mutations are embryonic lethal in mice, and they are probably
also lethal in humans because they have never been described.’® As for any other cancer,
irrespective of exposure and of inherited mutations, some mesotheliomas may occur because
of the inevitable accumulation of spontaneous mutations,>6-52 as observed in mesotheliomas
developing in lions, cats, horses, dogs, birds (Fig. 2), clams (personal communication from
Harold L. Stewart, MD; May 24, 1989), sharks, ! etc.

BAP1 and Mesothelioma

The hypothesis that genetic predisposition played a role in the pathogenesis of mesothelioma
was postulated and proven in 3 remote villages in Cappadocia, Turkey, where over 50% of
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the villagers died of mesothelioma, with M:F and pleural:peritoneal mesothelioma ratios of
approximately 1:1.28:29.65 [nitially, the epidemic was attributed solely to exposure to erionite
present in the environment.2 In 2001, Carbone’s team demonstrated that mesothelioma
occurred mostly in some families in these villages and not in others, and that predisposition
to mesothelioma was transmitted in an autosomal dominant fashion.%° These studies led that
team to study 2 US families affected by a similarly high incidence of mesothelioma and no
detectable exposure to carcinogenic fibers, resulting in the discovery in 2011 that all affected
family members carried inherited germline mutations of the BAPI gene.56 Since 2011,%6
over 600 articles have confirmed and expanded the pathogenic role of BAPZ mutations in
mesothelioma and in other cancers.272-75 This condition was named the “BAP1 cancer
syndrome,” because affected family members developed multiple malignancies,
predominantly mesotheliomas and uveal melanomas, and less frequently, skin melanomas,
basal cell carcinomas, renal cell carcinomas of the clear cell type, breast carcinomas,
cholangiocarcinomas, sarcomas, and various types of brain tumors.2.72-76 |n addition, early
in their 20s and 30s, individuals affected by the BAP1 cancer syndrome develop benign
melanocytic BAP1-mutated atypical intradermal tumors, with histological characteristics
that clearly distinguish them from atypical Spitz tumors and melanomas.”27477 The
detection of melanocytic BAP1-mutated atypical intradermal tumors allows dermatologists
to suspect the diagnosis, which is then verified histologically and confirmed by DNA
sequencing.”27477 Over 200 families affected by the BAP1 cancer syndrome have been
described in the United States, Europe, Australia, and Asia.266:73-75> Moreover, somatically
mutated (acquired mutations occurring during tumor cell growth) BAPI has been found in
approximately 60% of mesotheliomas, underscoring the critical role that BAPI has in
preventing mesothelioma growth.’8-82

BAP1 is a deubiquitylase that modulates the activity of multiple genes and proteins
controlling DNA replication, DNA repair, metabolism, and cell death.”0:83 Recent reports
have elucidated the mechanism responsible for the potent tumor suppressor activity of
BAP1.84.85 Bononi et al reported that, after DNA damage caused by asbestos, ultraviolet
light, radiation, or chemotherapy, BAP1 regulates both DNA repair and apoptosis. In the
cytoplasm, BAP1 modulates the stability of the IP3R3 channel, which allows the flux of
Ca?+ from the endoplasmic reticulum into the mitochondria, where Ca?+ is required for the
Krebs cycle and, at higher doses, to execute apoptosis.8> Subsequently, Zhang et al reported
that cells with reduced BAP1 activity also have impaired ferroptosis,6 providing an
additional mechanism by which BAPI-mutated cells escape cell death.8” Thus, cells with
reduced or absent BAP1 activity accumulate more DNA damage,3® as they cannot properly
repair the DNA83:85 and, at the same time, they cannot execute apoptosis, which normally
eliminates cells that contain genetic mutations, to prevent cancer (Fig. 3). As a consequence
of the altered mitochondrial metabolism caused by reduced CaZ, levels, cells with BAP1
mutations derive energy largely through aerobic glycolysis, the so-called Warburg effect, a
metabolic shift that favors malignant growth.84

In summary, BAPI-mutant cells are prone to malignant transformation. Accordingly, all
carriers of inherited heterozygous BAPI mutations have developed at least one and often
several cancers during their lifetime.2:66.73.74 Exposure to asbestos (mesothelioma),
ultraviolet light (melanoma), ionizing radiation (any cancer), etc, may further increase the
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rate of tumor development8:88 (see also The Case for Genetic Testing and BAP1 as a
Therapeutic Target, below).

Additional Germline Mutations That Predispose to Mesothelioma

In addition to BAPZ, other tumor suppressor genes have recently been found to cause a
hereditary predisposition to mesothelioma—and to other cancers—in several families in the
United States and abroad: overall, at least 12% of mesotheliomas occur in carriers of genetic
mutations.87-69 Most of these heterozygous germline mutations occur in genes that regulate
DNA repair, such as MLH1, MLH3, TP53 BRCA2,67-69.71 etc. The penetrance and
prevalence of different tumor types vary, depending on the gene involved: for example,
approximately 100% of carriers of BAPI and 7P53 germline mutations developed one and
often multiple cancers during their lifetime. In carriers of germline BAPZ mutations (BAP1
cancer syndrome), approximately one-third of cancers were mesotheliomas, whereas carriers
of 7P53 mutations (Li-Fraumeni cancer syndrome) mostly developed breast cancer
(females), adrenocortical carcinomas, sarcomas and only occasionally developed
mesotheliomas.

Similar to mesotheliomas caused by environmental exposure, those linked to inherited
germline mutations occur at a younger age and with a M:F ratio close to 1:1.2:67:68 Thus, the
combined presence of 1) clusters of mesotheliomas in young individuals, and 2) a M:F ratio
of 1:1 is an indication of either environmental exposure, or genetic predisposition, or both.
These clusters are difficult to detect from country-level or state-level records, in which the
preponderance of ashestos-induced mesotheliomas masks them; instead, these clusters are
better identified at the county or city/town level.® Discovering these clusters of
mesothelioma can lead to life-saving measures for prevention and/or early detection of
mesothelioma and other syndromic cancers,? as outlined below (see The Case for Genetic
Testing).

Genomics

Because of the carcinogenic “field effect” caused by asbestos, mesotheliomas are often
polyclonal.8990 Recently, The Cancer Genome Atlas program published a study of 74
mesotheliomas that were investigated for genetic alterations using next-generation
sequencing (NGS), including whole-exome sequencing (WES), messenger RNA expression,
methylation analysis, microRNA expression, exomes, reverse-phase protein array, and
transcription factor analyses.?! Confirming a previous comprehensive NGS study by Bueno
et al,82 Hmeljak et al®! reported frequent mutations of CDKNZ2A, NF2, TP53, LATS2, and
SETD2 (Fig. 4).82°1 In addition, they®! reported a 57% prevalence of BAPI mutations,
confirming a previous comprehensive analysis that reported a 60% prevalence of BAP1
mutations.’8 It is both surprising and reassuring that this study did not identify any new
common mutations/deletions in mesotheliomas®: thus, the current understanding of genetic
lesions in dominant clonal populations in mesotheliomas may be complete.”8:82.92 However,
the study by Bueno et al was conducted at 100 times sequencing depth with greater than
80% cellularity, and thus 100 reads x 0.8 indicates 80 reads, a sufficient number of reads to
reliably identify most genuine mutations. Instead, the WES in the study by Hmeljak et al
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was conducted at 30 times sequencing depth (ie, 30 sequence reads) with an estimated 60%
tumor cellularity, and thus 30 reads x 0.6 indicates 18 reads.9! In other words, a given base
could be covered by as few as 18 reads, which is inadequate because approximately 100
reads are necessary for a reliable tumor tissue analysis. Shallower sequencing increases the
likelihood of false-negative results (ie, failing to identify mutations, especially mutations
that are present in minor clonal populations). Of note, subclones and microdeletions are
difficult to detect in WES and whole-tissue messenger RNA sequencing analysis, whereas
targeted NGS, high-density arrays, and single-cell analysis may provide more information.

In summary, the study by The Cancer Genome Atlas project®! confirmed previous findings.
78-82,92

Recent work using targeted NGS and high-density arrays by Mansfield et al®3 using mate-
pair sequencing analyses and a previous study by Yoshikawa et al’® using targeted NGS in
combination with high-density array comparative genomic hybridization revealed a much
higher number of genetic alterations in mesotheliomas than detected by NGS, including
point mutations, minute deletions, and copy number changes. NGS is a technique designed
to identify point mutations; therefore, larger genetic alterations are easily missed using this
technique.”® Yoshikawa et al”® discovered that chromothripsis (ie, chromosome shattering
followed by random chromosomal rearrangement) (Fig. 5A) causes some of the genetic
alterations in mesothelioma,® a finding independently confirmed by Mansfield et al®3 and
most recently by Oey et al.?0 Moreover, Mansfield et al predicted that the vast array of
genetic alterations in mesothelioma may lead to the production of neoantigens, which
correlated with the clonal expansion of tumor-infiltrating T lymphocytes (Fig. 5B and 5C).
93,94 These findings®3 suggest that, in contrast to hypotheses based on NGS studies,
mesothelioma may be immunogenic.%* Future targeted deep-sequencing studies and single-
cell analyses will provide further insights into the clonal substructure and minute copy
number changes in mesothelioma.

Diagnosis and Evaluation

Pleural Mesothelioma: Clinical Presentation

Patients with pleural mesothelioma most commonly seek medical attention because of
dyspnea, which is frequently associated with dry cough, chest pain, fatigue, and weight loss.
Less frequent symptoms include night sweats and fever. Early satiety and inability to lean
forward can be observed in patients with ascites as a second site of disease from the pleural
mesothelioma (or in patients with peritoneal mesothelioma).

The dyspnea is predominantly related to the development of a pleural effusion. The
suspicion of a pleural effusion on physical examination leads to the initial investigations
with chest x-ray and computed tomography (CT) scan. The pleural effusion is then drained,
and the fluid is examined cytologically. Pleural biopsy is often required for diagnosis, and
pleurodesis with talc poudrage is often performed during the same surgical setting.
Recognition and rapid investigations of the pleural or peritoneal effusion are key for early
diagnosis. Delayed diagnosis will inevitably lead to tumor progression, limiting the
therapeutic options.
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Dyspnea and dry cough often persist despite the pleurodesis and worsens with disease
progression because of progressive compression of the mediastinum and restriction of the
involved lung. Signs and symptoms of mesothelioma progression frequently include
worsening pain, weight loss, and fatigue. Care should be taken to provide optimal nutritional
support to these patients. When possible, pleural effusions should be drained to relieve
symptoms such as early satiety, inability to lean forward, and dyspnea. Distant metastases
are often delayed or absent. In a postmortem study of 318 patients who had a diagnosis of
pleural mesothelioma, distant metastasis was found in 55.4% of patients, and lymph node
involvement was identified in 53.3%. Tumor dissemination was observed in the liver
(31.9%), spleen (10.8%), thyroid (6.9%), and brain (3.0%). The precise cause of death was
established in only 20% of patients, with bronchopneumonia and pulmonary emboli being
the main causes. Other causes included cardiac tamponade and invasion of the great vessels.
Cachexia was observed in up to 25% of patients and predominated in cases with no specific
cause of death.9

Mesothelium

A single layer of mesodermal cells resting on a basement membrane covers the celomic
cavity. During the second month of human gestation, the celomic cavity is divided by the
septum transversum into what will become the thoracic and abdominal cavities. This single
layer of mesodermal cells does not further differentiate: postnatally, these cells are called
mesothelial cells. The underlying vascularized fibroelastic connective tissue (as a supporting
tissue) is important for stability and for separating mesothelium from underlying pulmonary
parenchyma/alveoli; otherwise, any superficial mesothelial erosion would lead to
pneumothorax. Because the connective tissue layer is not exposed to the surface, these cells
are not present in the pleural/peritonealfluid. Mesothelial cells retain pluripotential ability
and can give rise to tumors with an epithelioid, sarcomatoid, or biphasic histology.?6:97 This
heterogeneity increases the risk of diagnostic errors, often with serious consequences for the
patient.

Cytopathology

The reported sensitivity of the cytological diagnosis of mesothelioma is highly variable,
ranging from dismal (<5%) to outstanding (>90%). Sarcomatoid mesotheliomas rarely cause
an effusion and seldom exfoliate diagnostic cells. Even when there are sarcomatoid cells,
they are sparse and difficult to evaluate.98:99 Our view is that cytopathology in experienced
hands is very helpful—except with sarcomatoid mesothelioma—as usually the pleural fluid
is the first specimen available to a pathologist to render or to suggest a diagnosis of
mesothelioma or metastatic carcinoma to the pleura. “Normal’” benign pleural fluid contains
only mesothelial cells and inflammatory cells, and thus the presence of “foreign epithelial
cells” is diagnostic of metastatic carcinoma. At times, metastatic carcinoma cells can elicit a
florid mesothelial reaction, and they may be difficult to observe among an overwhelming
number of reactive mesothelial cells: immunohistochemistry (IHC) for epithelial markers
helps to define these metastatic cells. When only inflammatory cells and large numbers of
atypical mesothelial cells forming large, 3-dimensional structures are noted—so-called
cannon balls—the diagnosis of epithelioid mesothelioma is suspected. The cytopathological
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diagnosis should be confirmed by thoracoscopy-biopsy whenever possible. For peritoneal
malignancies, a biopsy can be obtained more easily by laparoscopy. Importantly, atypical
mesothelial cells forming 3-dimensional structures can be noted in several benign
conditions, and thus it is critical that the cytopathologist is aware of the patient’s clinical
history; we have seen benign conditions misdiagnosed as mesothelioma in children with
pneumonia, in patients who had received radiation therapy, and in other pathologies that may
cause the accumulation of pleural fluids with very atypical mesothelial cells. In these
conditions, BAP1 IHC and fluorescence in situ hybridization or other analyses to detect
homozygous deletion of the CDKN2A (p16) are very useful to separate benign mesothelial
hyperplasia from mesothelioma, 100101

Histopathology

Invasion cannot be demonstrated on cytology; therefore, a definitive diagnosis of
mesothelioma requires histological evaluation. Biopsies are mostly obtained by
thoracoscopy or laparoscopy. The histological and IHC characteristics of mesothelioma have
been extensively reviewed in numerous recent publications,18:102 and we refer the readers to
these articles. The specific histological subtype should be noted in the report.

Sarcomatoid mesotheliomas are always difficult to diagnose. Histologically, they resemble
other spindle cell tumors and hence a careful clinical history and IHC can be helpful in the
differential diagnosis, although, at times, when tumors lack IHC reactivity to most
antibodies, it may not be possible to reach a reliable conclusion. The diagnosis of biphasic
mesothelioma is prone to error, because the interpretation of the spindle cell component as
benign/reactive versus malignant is subjective.18:21.103.104 BAP1 |HC can be very helpful,
because negative BAP1 IHC in the nuclei of spindle cells, with BAP1 nuclear expression in
other cell types (inflammatory cells, etc), identifies the spindle cells as malignant, thus
confirming the diagnosis of biphasic mesothelioma.104

IHC and Other Ancillary Diagnhostic Tests

In expert hands, an IHC panel comprising a broad-spectrum antikeratin antibody—we
recommend Cam 5.2, which stains approximately 100% of mesotheliomas (but also stains
carcinomas)—as well as antibodies for calretinin, WT1, and 2 or more organ-specific
epithelial IHC markers, depending on the differential diagnosis, together with histological
evaluation and clinical history, usually suffice to correctly diagnose epithelial and biphasic
mesothelioma.%6:97:105 Only approximately 50% of sarcomatoid mesotheliomas will stain
with calretinin or WT1 antibodies, whereas, with rare exceptions, close to 100% of them
will stain with Cam5.2; however, Cam5.2 will also stain metastatic sarcomatoid carcinomas
and carcinosarcomas.105106 Recently, positive nuclear GATAS staining in sarcomatoid
mesothelioma has been proposed as a useful IHC marker in the differential diagnosis of
sarcomatoid carcinomas, which usually are negative for GATA3—except for urothelial
tumors, which are GATAS3 positive.197 A new IHC marker, D2—40, for diagnosing
epithelioid and sarcomatoid mesothelioma is very sensitive but lacks specificity.20-105
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Since 2011, when Carbone’s team reported that a lack of BAP1 nuclear staining reliably
identified mesotheliomas with biallelic BAP1 mutation,56 BAP1 IHC has entered the routine
of most pathology laboratories, improving the ability to diagnose mesothelioma. BAP1 wild-
type (BAP1WT) is found in the nucleus and the cytoplasm, resulting in strong nuclear
staining and less intense cytoplasmic staining.”® BAPI mutations and deletions nearly
always result either in the complete absence of staining or in cytoplasmic staining without
nuclear staining. This is because: 1) deletions that cause truncated BAP1 proteins lack the
carboxy terminus that contains the nuclear localization signal, and 2) mutations in the
catalytic domain prevent the autodeubiquitylation of BAP1 required to enter the nucleus.108
All the different truncated and mutated forms of cytoplasmic BAP1 tested thus far have been
biologically inactive.8> Because benign cells always show BAP1 nuclear staining, the
absence of BAP1 nuclear staining is a specific and reliable marker to distinguish
mesothelioma from benign atypical mesothelial hyperplasia at its earliest stages of
development.”8:109-111 Qverall, approximately 70% of epithelial and 50% of sarcomatoid
mesotheliomas contain somatic BAPI mutations, resulting in an absence of BAP1 nuclear
staining.’8104.112 ynfortunately, positive BAP1 nuclear staining does not help to distinguish
mesothelioma from benign mesothelial hyperplasia, because approximately 30% to 40% of
mesotheliomas contain BAP1WT, and thus their tumor cells show BAP1 nuclear staining
similar to benign lesions. In these cases, fluorescence in situ hybridization analyses for P16
mutations are helpful to identify malignancy.1!3 Finally, negative BAP1 staining in spindle
cells helps identify biphasic from epithelial mesotheliomas with a florid, benign stromal
reaction.20 Electron microscopy14 and/or molecular genetics may be helpful in difficult
cases, for example, to separate mesothelioma from synovial sarcoma.11®

Considerations About the Accuracy of Diagnosis

When caring for a patient with mesothelioma, a critical issue is always whether the
diagnosis is correct. Most pathologists have limited experience in diagnosing mesothelioma,
thus increasing the risk of misdiagnosis. IHC is very helpful to increase the accuracy of
diagnosis, yet an incorrect interpretation of IHC is often the cause of misdiagnoses. For
example, calretinin and WT1, the most sensitive and specific IHC markers for
mesothelioma, can also stain lung carcinomas, triple-negative breast carcinomas, carcinomas
of mesonephric origin, etc, thereby underscoring the importance of applying strict criteria
when evaluating the results of IHC. A recent study by French pathologists of 5258
mesotheliomas showed 69% concordance with the diagnosis between the collegial expertise
of a team of pathologists with proven experience at diagnosing mesothelioma and the
pathologists making the initial diagnosis. The expert panel changed the diagnosis of 14% of
these 5258 mesotheliomas to either benign lesions, primary pleural or lung sarcomas
invading the pleura, metastases from various carcinomas, or direct pleural invasion by lung
cancer. The discrepancy regarding the histological subtype of mesothelioma was 16%.18:21
That study’s findings were almost identical to those of a previous (2006) study193 in which
one-third of all mesotheliomas diagnosed in France were reviewed by a panel of pathologist
with expertise in diagnosing mesothelioma. Therefore, the recent IHC improvements have
not yet resulted in a parallel improvement in the accuracy of diagnosis. Similar or more
pronounced rates of inaccurate diagnoses have been reported in other countries.19:20 In
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summary, we recommend that a pathologist experienced with diagnosing mesothelioma
should confirm all diagnoses.

Staging and Prognosis

Staging Pleural Mesothelioma

There are substantial variations in the methods used for clinical staging. CT of the chest and
upper abdomen, preferably performed with intravenous contrast and with slices of 3 mm or
less in thickness, is considered the primary imaging modality. The now-routine inclusion of
coronal and sagittal as well as axial images on CT helps to delineate tumor invasion of the
chest wall and diaphragm, areas that historically have been difficult to evaluate. Positron
emission tomography (PET)/CT identifies additional sites of disease not seen on CT in
approximately 10% of patients and is also used to assess response in patients receiving
systemic therapy.116:117 Additional methods used to evaluate the extent of disease include
magnetic resonance imaging (MRI), laparoscopy, endobronchial ultrasound (EBUS) with
lymph node biopsies, or mediastinoscopy to evaluate hilar and mediastinal lymph nodes.
118-121 Ajlthough some institutions use all of these modalities routinely for pretreatment
assessment, there is no universal standard. More frequently, CT and PET studies are
obtained, and additional modalities are used selectively to refine clinical staging. MRI may
further define chest wall and diaphragmatic tumor invasion, but whether it supersedes the
combined value of axial, sagittal, and coronal CT imaging is unclear.122-124 EBUS and/or
mediastinoscopy can confirm the presence of lymph node metastases,12° but do not permit
access to many of the lymph nodes involved, such as the peridiaphragmatic, internal
mammary, and posterior intercostal nodes. Of note, a higher tumor (T) category generally
correlates with the presence of lymph node metastases.126:127 |_aparoscopy identifies
transdiaphragmatic tumor extension or peritoneal metastases, but its value in earlier stage,
low-volume disease is not well defined. Unfortunately, patients deemed to have stage | or
stage 11 disease on clinical evaluation are often found to have higher stage tumors at surgical
exploration.126 The inaccuracies of clinical staging present a major problem in patient
selection for treatment.

Analyses of a large international mesothelioma database developed by the International
Association for the Study of Lung Cancer (IASLC) have refined the staging system for this
disease, first proposed in 1995 by the International Mesothelioma Interest Group (IMIG).128
The current international malignant pleural mesothelioma staging system (eighth edition),
based on the most recent analyses of the IASLC database, changed substantially between the
sixth and seventh editions of the staging system.126 Although it still uses surface
involvement and local invasion to define the extent of the primary tumor (T) categories, the
node (N) categories were revised so that any ipsilateral intrathoracic lymph node
involvement is considered N1 disease. The stage groupings were also significantly revised.
Notably, stage IV now includes only patients who have extrathoracic organ metastases.
127,129,130 Recognizing that the current T categories are difficult to use in clinical staging,
the IASLC evaluated pleural thickness measurements (in a patient subset of over 400
patients) as an alternative approach and found that these correlate with overall survival (OS).
127 Other studies also suggest that tumor volume calculated from CT or pleural thickness

CA Cancer J Clin. Author manuscript; available in PMC 2021 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Carbone et al.

Page 16

measurements may be a better way to perform clinical T staging.131:132 If future analyses
confirm these findings, the T descriptors and categories could change in the next (ninth)
edition of the staging system.

Prognosis: Histology

Histology is a reliable prognostic marker. The Surveillance, Epidemiology, and End Results
program documented that median survival was 14, 10, and 4 months for epithelial, biphasic,
and sarcomatoid histological types of pleural mesothelioma, respectively (see Diagnosis and
Evaluation, above).18 A South Wales study on 910 cases of pleural mesothelioma reported
similar findings: the median survival was 13.3 months for epithelial mesothelioma compared
with 6.2 months for sarcomatoid and biphasic mesotheliomas.” Epithelioid mesotheliomas
are the least aggressive: among them, some subtypes have a better prognosis than others. For
example, Travis et al reported a median survival of 24.9 months and 17.9 months for
trabecular and tubular-papillary subtypes, respectively, and 15.8 months and 13.7 months for
micropapillary and solid subtypes, respectively.133 Biphasic and sarcomatoid mesotheliomas
had a median survival of 7.0 months and 3.8 months, respectively.133 Sarcomatoid
mesotheliomas have the worst prognosis, and a subset among them known as pleomorphic
mesothelioma also have a dismal prognosis.133 Biphasic mesotheliomas with mixed
epithelioid and sarcomatoid histologies behave more or less aggressively, depending on the
percentage of the sarcomatoid component.18:21 Rarely, mesotheliomas can originate in the
pericardium and in the tunica vaginalis, representing less than 1% of all cases.13* Recent
studies using a combination of molecular analyses and histology are fine-tuning the
prognostic accuracy of sporadic mesotheliomas.82

Prognosis: Who Are the High-Risk Patients for Surgical Failure in Pleural

Mesothelioma?

When patients present with a diagnosis of mesothelioma, validated prognostic models exist
in both nonsurgical and surgical patients, including the European Organization for Research
and Treatment of Cancer!3® and the Cancer and Leukemia Group B136 prognostic indices.
Newer models include the Brims Prognostic Index!37 and data from the IASLC/IMIG
Mesothelioma Registry.138 Brims et al used classification and regression-tree analysis to
define prognostic variables for 18-month survival. Four risk groups with clear survival
differences were defined. The group with the best survival at 18 months had no weight loss,
a hemoglobin level greater than 153 g/L (9.5 mmol/L), and a serum albumin level greater
than 43 g/L. Weight loss and sarcomatoid histology identified patients with the poorest
survival. The IASLC/IMIG Mesothelioma Registry found that histology, age, sex, and white
blood cell and platelet counts stratified survival for 906 patients38; further validation can be
found in the eighth edition of the Mesothelioma Staging Registry.130 Greater emphasis on
preoperative quantitation imaging studies,131:132 including CT volume of the pleural
mesothelioma or linear measurements at 3 levels127:139 or of diaphragm thickness, 140 also
may add to clinical/laboratory stratification. In the immediate future, greater use of novel
IHC, genomic, and immune-based tissue biomarkers may influence whether surgical therapy
is indicated.
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More Favorable Prognosis in Mesothelioma Developing in Carriers of
Germline Mutations

In 2015, Carbone’s team reported that patients with mesothelioma carrying germline
mutations had a 7-fold improved survival.141 In a follow-up 2018 publication, this team
tested the hypothesis that patients with mesothelioma who had a family history of
mesothelioma and/or of other cancers and/or patients with early-onset mesothelioma (at age
<50 years) were more likely carriers of inherited germline mutations, and these patients had
a much improved survival. A total of 79 patients met these recruitment criteria. Inherited
germline mutations were found in 28 of 50 probands (56%).67 Patients with mesothelioma
who carried germline mutations experienced a significantly prolonged survival of 5 to =10
years, only 28% reported possible asbestos exposure, and the M:F and pleural vs peritoneum
ratios were 1:1, underscoring the uniqueness of this subgroup of patients. Among them, 43
of 79 patients had deleterious germline BAPI mutations: their median age at diagnosis was
54 years, and the median survival was 5 years.5” Among the remaining 36 patients with no
BAPI mutation, the median age at diagnosis was 45 years, the median survival was 9 years,
and 12 of 36 patients (33%) had deleterious mutations of other tumor suppressors, such as
MLHI (Lynch syndrome), 7P53 (Li-Fraumeni syndrome), and/or mutations in genes that
regulate DNA repair or that were previously found mutated in mesothelioma.”®:142 Thus, on
one hand, germline mutations favor the development of mesothelioma and of other cancers,
but, conversely, for reasons that currently are unclear, these same mutations appear to
mitigate aggressive tumor growth as these patients live much longer. Similarly, other
malignancies occurring in carriers of various germline mutations are often associated with a
prolonged survival.143-146

Mesotheliomas in carriers of BAPI mutations are almost exclusively of the epithelioid type,
are well differentiated, and have an overall nonaggressive morphology, consistent with
prolonged survival (ie, oval cells with bland nuclei, rare mitoses, no necrosis, etc).8”
Mesotheliomas in carriers of other germline mutations seem to follow a similar trend,
although relatively small numbers of them have been studied so far to be sure of this.%”

In a parallel 2018 study, Panou et al%8 reported that 12% of 198 patients with mesothelioma
treated at the University of Chicago carried pathogenic germline mutations, especially those
with peritoneal mesothelioma, minimal asbestos exposure, young age, and a second cancer
diagnosis. Among the germline mutations detected, BAPI was the most common,
accounting for 3% of all patients. In 2019, Hassan et al® reported that 12% of consecutive
patients with mesothelioma from the Thoracic Medical Oncology Clinic of the US National
Cancer Institute carried pathogenic germline mutations—and BAPI was the most commonly
affected gene (7%). Mutations were more common in females and in patients with a second
cancer diagnosis or with relatives diagnosed with mesothelioma, melanoma, or breast
cancer. The authors observed a significantly improved survival among pleural
mesotheliomas in carriers of germline mutations.5% Together, the remarkably similar
findings of these studies provide compelling evidence that approximately 12% of
mesotheliomas occur in carriers of pathogenic germline mutations. Among them, BAP1
mutations are the most common: in unselected patients, it was initially reported that 5%
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carried BAPI mutations,6 and recent studies reported rates from 3% to 7%.58.69 The
prevalence of BAPI and other germline mutations in a population and the presence of
asbestos and other fibers in the environment contribute to the incidence of mesothelioma
among nonoccupationally exposed patients.58:69

The Case for Genetic Testing

Treatment

There are several reasons to justify genetic testing for patients with mesothelioma. When
mesothelioma develops in carriers of germline mutations, they fare significantly better
compared with the majority of mesotheliomas that develop in older patients with asbestos
exposure. This information is very important for these patients. Also, in carriers of germline
mutations of genes required for DNA repair (BAPI, TP53, BRCA1/BRCAZ, etc),67:69 MRI
should be preferred to imaging that uses ionizing radiation, which can cause secondary
malignancies.}4” Because these patients and their relatives who inherited the same mutations
(the rate of transmission of heterozygous mutations is approximately 50%) are susceptible to
developing multiple malignancies, they should be screened for early detection, which can be
life-saving. For example, early detection of melanoma, renal cell carcinoma, and breast
carcinoma (tumor types that are frequent in carriers of heterozygous BAPI mutations) and
of colon, ovarian, and endometrial cancers (frequent in carriers of heterozygous MLH1
mutations [Lynch syndrome]) can be life-saving.

Even for malignancies that might be difficult to cure by surgical resection, early diagnosis is
associated with a better response to therapy and survival of 10 or more years.5” In this
regard, mesothelioma is considered a malignancy that cannot be cured surgically; however,
there are a few cases of patients from families with malignant mesothelioma caused by
germline BAPI or other tumor suppressor mutations who, because of screening and a high
degree of suspicion, underwent surgery at a very early stage, and most of them are alive and
apparently tumor-free 10 years postsurgical resection (2 of them at 18 years and 21 years,
respectively, postsurgery).8” Thus, knowledge about the presence of germline mutations is
relevant to patients, their relatives, and the physicians who have to plan their care. Moreover,
a proportion of these germline mutations may be actionable, and patients can be enrolled in
targeted clinical trials. Therefore, patients who present with clinical indicators denoting
heritability (familial history of mesothelioma or other cancers at a young age [<50 years])
should undergo genetic testing by targeted NGS using a gene panel covering all DNA repair
and tumor suppressor genes to test for cancer inheritability.57-69142 |deally, all patients with
mesothelioma should undergo genetic testing together with genetic counseling.

Surgery for Pleural Mesothelioma

The surgical management of pleural mesothelioma remains controversial: the reasons are
outlined below. There are many unmet needs, different opinions, a modest amount of data, a
lack of standardization for recommendation of the best surgical approach, and, most
importantly, no proven survival benefit of aggressive surgical interventions. The unmet
needs start in the areas of diagnosis. Whereas a diagnosis can sometimes be made from
pleural fluid cytology, video-thoracoscopic (VATS) biopsy, preferably through a single port,
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remains the standard means of obtaining material for definitive pathological diagnosis.%
However, there are no surgical guidelines for how many intrathoracic sites should be
biopsied or how much tissue should be obtained, an important issue given the heterogeneity
of mesothelioma, which can show different histology in different biopsies. Verification of
adequate tissue for diagnosis by frozen section is useful during VATS, but no standards exist.

The selection of patients for surgical procedures is influenced by the patient’s performance
status and cardiopulmonary reserve, and by the T and N categories. However, clinical
staging methods, EBUS, and mediastinoscopy correlate poorly with pathological staging.

Two operations, extrapleural pneumonectomy (EPP) and pleurectomy/decortication (P/D),
are performed with curative intent. By contrast, partial pleurectomy or VATS with
pleurodesis are performed with palliative intent to manage recurrent pleural effusions or to
re-expand a partially entrapped lung. Surgery and the type of operation performed are
influenced by the extent of disease and by the patient’s physiological reserve, particularly
cardiopulmonary function. Both EPP and P/D aim to achieve a macroscopic complete
resection of all tumor. EPP involves resection of the pleura along with the underlying lung,
usually with the pericardium and diaphragm. P/D involves complete resection of the pleura
without the underlying lung. A P/D that also involves resection of the pericardium and
diaphragm is termed an extended P/D or EPD.18 For many years, EPP was regarded as the
only potentially curative operation.149 However, during the past decade, multiple series have
shown that the morbidity and mortality of EPP is higher (mortality in the range of 6% for
EPP vs 3% for P/D or EPD), and that OS after EPP is probably lower than OS after P/D or
EPD.150 Data from the IASLC database suggest that only a highly select group of younger
patients with an epithelioid mesothelioma histological subtype and no lymph node
metastases may experience improved long-term OS with EPP.126 Consequently, P/D and
EPD have gradually become the main operations performed for pleural mesothelioma.

The pros and cons of EPP versus P/D or EPD and the role of surgical resection have been
the focus of intense controversy. Although surgical resection is currently an accepted part of
the treatment for physically fit patients who can have all gross tumor removed, 11 there are
many unanswered questions regarding surgery in mesothelioma. There is controversy about
whether visually normal pleura, pericardium, and diaphragm (vs obvious gross tumor)
should be removed during surgery, whether the visual absence of tumor in apparently normal
areas should be confirmed intraoperatively by frozen sections, to what extent lymph nodes
should be dissected, and how to describe the extent of residual disease at the end of
resection. It is generally hypothesized that an RO (microscopically negative margins)
resection cannot be performed in pleural mesothelioma due to the proximity of the pleura to
vital structures, such as the aorta and esophagus, and thus only an R1 or R2 (microscopically
or macroscopically positive margins, respectively) resection can be achieved. However, no
definitions exist to describe the amount of residual disease after R2 resection. For the
purposes of recording data in the IASLC staging database, definitions used for optimal
debulking in ovarian cancer surgery (=1 cm or <1 cm residual tumor) have been empirically
adopted. Evidence-based confirmation of the prognostic importance of these definitions is
needed. Finally, narrative operative reports do not capture all of the elements of surgical
resection and residual disease. Synoptic operative reports, analogous to those routinely used
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by pathologists and radiologists, if adopted across the surgical community, may enhance
analyses of tumor stage and prognostic factors.

Concerns About the Beneficial Effects of Surgery in Patients With Pleural

Mesothelioma

The literature used to justify aggressive surgical resections such as EPP or EPD relies
heavily on single-institution series of patients with early-stage, limited disease burden,
epithelioid histology mesothelioma who are highly selected for surgical resection, leading to
an inherent bias when reporting long-term survival outcomes in this group of patients
postoperatively. Despite the selection of patients who are expected to have longer survival
times based on baseline clinical characteristics, median survival after a major debulking
surgery is routinely cited as 14 to 18 months after either EPP or P/D, which essentially is the
same as among nonoperative patients.149.150.152-154 Tq date, only one prospective,
randomized trial, the Mesothelioma and Radical Surgery (MARS) trial, has attempted to
evaluate the added benefit of a surgical resection over chemotherapy alone. Not only did the
MARS trial fail to show an added benefit of surgery, it demonstrated worse survival among
patients who underwent EPP compared with a similar cohort of early-stage patients who
were managed with chemotherapy alone. This trial has been criticized for its small sample
size and high (19%) postoperative mortality rate in the EPP group, which impacted OS, and
because the operations were done in multiple hospitals, including some with teams that did
not have extensive experience with EPP; nevertheless, it remains the only randomized trial to
date.1%> An ongoing randomized clinical trial in the United Kingdom, “MARS 2,” should
determine whether P/D or EPD after induction chemotherapy leads to superior outcomes
compared with chemotherapy alone.

In addition to the lack of a proven benefit, there is also a significant risk of mortality and
morbidity after a major surgical resection such as EPP or extended P/D that is often
overlooked. Even at the most experienced, high-volume centers, 30-day or in-hospital
mortality after EPP is reported to be 5% to 7%,149:150.152-154 \with postoperative mortality
rates at the very best high-volume mesothelioma programs more than doubling to 11% when
patients are followed up to 90 days postoperatively.1%6 For the patients who do survive
surgery, most of the literature cites complication rates as high as 45%,156 and these studies
also do not address the pain and suffering that patients endure to recover from a large
thoracotomy, rib shingling or removal, with or without pneumonectomy. For these reasons,
many thoracic surgeons have chosen to no longer perform EPP and favor extended P/D for
mesothelioma. Survival outcomes improved from 15.6 months to 19.6 months in a center
with the same surgeons and patient population when the practice of EPP was abandoned
after publication of the MARS trial in 2011.157 Several meta-analyses have favored EPD
over EPP because of the higher mortality after EPP without a survival benefit over EPD.
150,153,158 5ome thoracic surgeons believe that major surgical resections in mesothelioma do
not improve survival and cannot be justified except in rare instances. There are surgeons
who still perform EPP or EPDs routinely in the absence of data comparing nonsurgical with
surgical patients who are propensity matched or without the results of MARS2, and
therefore the role of surgery in mesothelioma remains controversial.

CA Cancer J Clin. Author manuscript; available in PMC 2021 June 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Carbone et al. Page 21

Novel Surgical Multimodality Therapy Approaches for Pleural Mesothelioma

Multimodality therapy is often used for clinical stage I to Il pleural mesothelioma.
However, the optimal combination therapy remains debated. The outcomes after induction
chemotherapy followed by EPP and adjuvant hemithoracic radiation have been
disappointing, with median survivals ranging between 16 and 20 months in trials that
included more than 40 patients.159.160 However, patients who completed adjuvant
hemithoracic radiation had a median survival of 29 to 39 months and achieved excellent
local control.159:160 These results and studies in animal models and in vitro experiments
suggest that, in contrast to current belief, mesotheliomas are sensitive to radiation.160.161
Cho et al developed a protocol that starts with hemithoracic radiation to deliver an optimal
dose of radiation to the tumor before surgical resection.162

The concept of Surgery for Mesothelioma After Radiation Therapy (SMART) includes: 1)
an induction dose of hemithoracic radiation before surgery; and 2) the application of an
accelerated, hypofractionated hemithoracic regimen delivering 25 grays (Gy) in 5 fractions
associated with a boost of 5 Gy to the gross disease. The results of this SMART approach
have been encouraging, with an overall median survival of 36 months in epithelioid
mesothelioma.140

Research in mice demonstrated that nonablative, hypofractionated radiation induces a
specific activation of the immune system against mesothelioma with the development of an
in situ vaccination, which is maintained through memory T cells directed against the tumor.
160,163 Eviidence from these mouse experiments and from palliative radiation in patients with
mesothelioma suggest that a dose of radiation lower than 25 Gy in 5 fractions to the whole
hemithorax may still be effective and limit the risks of pneumonitis in the underlying lung.
164 Indeed, in contrast to normally fractionated radiation, hypofractionated radiation exerts
its effect on the tumor through immune activation that is not dose-dependent. A lower dose
of radiation to the whole hemithorax may boost mesothelioma sensitivity to an ablative dose
of radiation5 and provide an optimal combination to ablate the gross disease and activate
the immune system before surgery. The SMART approach may also provide an ideal
platform to introduce immunotherapy as part of multimodality therapy.

In addition to radiation, other approaches have been tested in the multimodality setting. The
most frequently used combination is tumor resection (P/D or EPP) followed by
intraoperative lavage with chemotherapy compounds. Different drugs such as cisplatin,
doxorubicin, mitomycin C, and gemcitabine have been used for this procedure.166 Although
long-term survivors have been identified, this procedure is still considered investigational.
Heated chemotherapy is often used in peritoneal mesothelioma (see Unique Characteristics
of Peritoneal Mesothelioma, below).167 Unfortunately, no randomized studies have been
performed to judge its additional value compared with the standard of care. Photodynamic
therapy has had limited success.168-170 |n this approach, the administration of laser light to
the thoracic cavity after administration of a photosensitizing agent leads to a cell kill
penetrating up to a few millimeters in the postsurgical tumor bed. Another approach, the
application of a cisplatin-containing gel after resection, is currently being evaluated.17
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Tumor Immunology and Checkpoint Inhibitors in Pleural Mesothelioma

Most patients with mesothelioma are not offered surgery because of the extent of disease,
advanced age, comorbidities, or poor performance status and are considered for palliative
chemotherapy instead. With US Food and Drug Administration (FDA) approval in 2004, the
gold standard of treatment for mesothelioma has been the combination of cisplatin and
pemetrexed.172 A recent clinical trial demonstrated that the addition of bevacizumab
improves survival over the use of the platinum-doublet alone, 73 although this regimen has
not been approved by the FDA to date. However, even with aggressive trimodality or
bimodality therapy, the median survival for resectable pleural mesothelioma remains at 17 to
25 months and, for unresectable mesothelioma, it is 9 to 12 months.174 It is crucial to
identify novel, well defined targets.

The biology of mesothelioma shows significant heterogeneity in both the tumor and the
microenvironment. The inflammatory component often found to be associated with
mesothelioma may influence survival 175176 A large study performed a semiquantitative
assessment of the inflammatory response in the tumor and in the stroma on routine
hematoxylin and eosin—stained slides of epithelioid tumors obtained from patients with
pleural mesothelioma (n = 175). Patients who had a high-grade chronic inflammatory
response in the stroma (n = 59) had improved survival compared with those who had a
lowgrade chronic inflammatory response (n = 116; median OS, 19.4 months vs 15.0 months;
P=.01).177 A comprehensive investigation of tumor-infiltrating immune cells within the
tumor nest and tumor-associated stroma in 230 patients indicated that stage and the presence
of tumoral CD20-positive B lymphocytes were independently associated with survival.
Tumors with high CD163-positive tumor-associated macrophages and low CD8-positive T-
lymphocyte infiltration had the worst prognosis, and patients with low CD163-positive
tumor-associated macrophages and high CD20-positive B lymphocyte infiltration had a
better prognosis than other groups.1”> Several studies proposed the prognostic role of T and
B lymphocytes and macrophages and the presence of immune-suppression in pleural
mesothelioma through analysis of T-cell-inhibitory receptors and chemokines.17>176 Bueno
et al, 82 using RNA sequencing, identified 4 different phenotypic clusters of molecular
expression with divergent associated survival and mutational characteristics in 212 patients
with mesothelioma. Programmed death-ligand 1 (PD-L1) was expressed in 39% of patients
and was associated with a worse survival. PD-L1 expression was higher in nonepithelial
mesotheliomas.82:178

Clinical trials using cytotoxic T-lymphocyte—associated protein 4 (CTLA-4) inhibitors failed
to improve survival in mesothelioma.179 Subsequent trials suggested that PD-L1 inhibitors
may benefit some patients.180 Several trials using checkpoint inhibitors in mesothelioma
have met accrual goals or are recruiting. The experimental arms of these trials include
combinations of PD-L1 inhibitors with CTLA-4 inhibitors, chemotherapy, or antibody-drug
conjugates.

In the first-line metastatic setting, the DREAM study (Durvalumab with First-Line
Chemotherapy in Mesothelioma)18! investigated the addition of the PD-L1 inhibitor
durvalumab to standard-of-care chemotherapy (cisplatin and pemetrexed, up to 6 cycles),
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followed by maintenance durvalumab every 3 weeks. The primary endpoint of progression-
free survival was 57% at 6 months, with a median progression-free survival of 6.9 months.
The median duration of response was 6.5 months. The additional toxicity (3 patients with
grade 3 autoimmune toxicity requiring corticosteroid therapy) was considered acceptable.
These results have led to an international, randomized, phase 3 study that is currently
ongoing. In addition, the CheckMate743 study (A Phase 111, Randomized, Open Label Trial
of Nivolumab in Combination With Ipilimumab Versus Pemetrexed With Cisplatin or
Carboplatin as First Line Therapy in Unresectable Pleural Mesothelioma; Clinical Trials.gov
identifier NCT02899299), which started in 2018, has accrued 600 chemotherapy-naive
patients to test whether there is a benefit of combination immunotherapy (nivolumab plus
ipilimumab) over standard-of-care chemotherapy; the results will be available soon. The
major concern and limitations of the reported studies include a possible inconsistence in
response evaluation because of the lack of a central review of responses or the lack of a
control arm. Table 1 presents a summary of these studies. It is estimated that from 20% to
25% of patients with mesothelioma may benefit from checkpoint inhibitors.180-182 Most
patients, however, do not meet the eligibility criteria to participate in phase 2 or 3 clinical
trials. There are still many limitations in selecting patients for these treatments, including
lack of predictive tests for benefits, absence of drugs to overcome resistance in initial
responders, and therapies to convert nonresponding tumors into responsive tumors.

A priority is the identification of biomarkers that predict benefit or harm from immune
checkpoint inhibitors. Reported toxicities are comparable to the use of immunotherapy in
other tumors and can be managed with the standard of care.179-182 Other aspects of the
antitumor immune response are being targeted in smaller studies and include vaccines,
autologous T cells, chimeric antigen receptor T cells, and viral therapies. This plethora of
trials will establish whether there is a role for immunotherapy and what role immunotherapy
may have in mesothelioma.183

BAP1 as a Therapeutic Target

As discussed above in the section BAP1 and Mesothelioma, BAP1 is an attractive
therapeutic target and prognostic biomarker because it is the most frequently mutated gene
in mesothelioma. Several of the pathways controlled by BAP1 already have drugs in
development or work is ongoing to create new drugs.

Histones are among the BAP1 targets. The effect of histone deacetylase (HDAC) inhibitors
on histone 2A (H2A) is unknown; however, BAP1 downregulation or knockdown in
mesothelioma cell lines increases the sensitivity for HDAC inhibitors, leading to cell death.
However, in the VANTAGE 014 study (Morinostat in Patients With Advanced Malignant
Pleural Mesothelioma who Have Progressed on Previous Chemotherapy), a phase 3 trial
including 661 patients, the HDAC inhibitor vorinostat did not improve OS in an unselected
group of patients compared with placebo.184 An important area of chromatin modification
relates to the increase in H3K27me3 (methylation at the amino terminal of core histone H3)
caused by BAP1 loss.185 This activity is influenced by BAP1 binding to ASXL1.186 This
histone has only one known methyltransferase: EZH2. In BAP1-mutant cell lines, EZH2
inhibition abrogates tumor growth.185 On the basis of these results, a phase 2 trial of the
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EZH2 inhibitor tazemetostat was recently fully accrued (ClinicalTrials.gov identifier
NCT02860286). The trial met its primary endpoint, with a disease control rate of 51% at 12
weeks. Translational work is ongoing to interpret these results.187

BAP1 modulates double-strand DNA damage repair.83:8> Cells with BAP1 mutations are
more sensitive to both radiation and treatment with olaparib, a PARP inhibitor.188-190 There
is an ongoing phase 2 study of olaparib in mesothelioma (ClinicalTrials.gov identifier
NCT03531840). Patients who have been treated with cytotoxic chemotherapy are eligible to
receive olaparib and will be analyzed in 3 separate groups: 1) those who have germline
mutations in DNA repair genes; 2) those whose tumors have somatic BAP1 mutations; and
3) those who do not fall into group 1 or 2.

Felley-Bosco’s team performed a genome-wide silencing screen in mesothelioma cell lines,
revealing 11 hits (false discovery rate <0.05) that were more cytotoxic to BAP1-proficient
cells.19 Two actionable targets, ribonucleotide reductase regulatory subunit M1 (RRM1)
and ribonucleotide reductase regulatory subunit M2 (RRM2), were validated, and their
inhibition, mediated by gemcitabine or hydroxyurea, was more cytotoxic to BAP1-proficient
cells. A genetically engineered model was established expressing either functional or
nonfunctional BAP1, and whole-genome small-interfering RNA screens were performed
assessing cytotoxicity induced by gemcitabine and hydroxyurea in a panel of BAP1WT and
BAP1-mutant/deleted cell lines. Functional studies were carried out in a BAP1-mutant/
deleted cell line reconstituted with BAP1WT or BAP1 C91A (catalytically dead mutant), and
in a BAPIWT cell line upon small-interfering RNA-mediated BAP1 knockdown. Increased
lethality mediated by gemcitabine and hydroxyurea was observed in NCI-H2452 cells
reconstituted with BAP1WT, but not with BAP1 C91A.191 These data indicate that BAP1
regulates RRM2 levels during replication stress and that patients could be stratified for
gemcitabine treatment, depending on BAP1 status. In a parallel study, Mutti’s team
demonstrated that mesothelioma cells with functional BAP1 were more sensitive to
gemcitabine treatment compared with cells bearing mutated and nonfunctional BAP1.192
Together, these independent studies indicate that it may be possible to identify those patients
with mesothelioma—and possibly patients with any cancer—who are more likely to respond
to gemcitabine based on BAP1 status.

Unique Characteristics of Peritoneal Mesothelioma

Diffuse malignant peritoneal mesothelioma (MPeM) represents approximately 15% to 20%
of all mesothelioma diagnoses.®10 Although it shares many similarities with the pleural
form of mesothelioma, it has many unique features.193.194 |t most often presents as a diffuse
process arising from the serosa of the peritoneum.193.194 Morbidity and mortality from
MPeM is almost always because of its propensity to locoregional progression. In contrast to
pleural mesothelioma, MPeM is rarely associated with asbestos exposure; in a large series,
only 8% of patients reported exposure, and MPeM afflicts men and women equally—as
anticipated when mesothelioma is not caused by occupational exposure (see above).193.194
However, when MPeM occurs in individuals exposed to asbestos, they usually have a higher
lung fiber burden than those with pleural mesotheliomas,24195:196 possibly because a higher
burden is required for asbestos fibers to bypass the lung filter and reach the peritoneum in
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sufficient amounts to cause mesothelioma. Proportionally, MPeM is observed in carriers of
germline mutations more often than pleural mesothelioma, especially among patients who
do not report ashestos exposure.57.197 A history of previous abdominal surgeries is common
in these patients,193.194 supporting the theory that chronic inflammation, caused by asbestos,
by other fibers, or after previous surgeries, promotes the malignant growth of mesothelial
cells.2 The age at initial presentation ranges from 40 to 65 years,193:194.198 The average time
from the onset of symptoms to diagnosis is approximately 5 months,1%° and patients
generally present with vague and ill-defined signs and symptoms, including abdominal pain
and increasing abdominal girth secondary to ascites. Other symptoms are weight loss,
dyspnea, chest pain, and a palpable abdominal mass on physical examination.199 In less than
10% of cases, MPeM manifests as a localized or focal circumscribed mass that may invade
locally into adjacent organs. MPeM shows the same histological subtypes as pleural
mesothelioma; the epithelioid type represents approximately 80% of tumors, and the
presence of invasion here is critical. In fact, in addition to the benign/borderline mesothelial
proliferation known as well-differentiated papillary mesothelioma and multicystic
mesothelioma, MPeM can present an indolent, tubulopapillary, noninvasive histology that
must be distinguished from tubulopapillary and solid MPeM with invasion, as the former are
characterized by an indolent course, prolonged survival, and rare/no recurrence at 10 years,
whereas the latter are much more aggressive.193194 Accordingly, one hallmark feature of
MPeM is the heterogeneity of it biological behavior: that is, disease progression is highly
variable. A meta-analysis of 20 publications with data on outcomes of 1047 patients with
MPeM treated with cytoreductive surgery (CRS) reported a 5-year survival of 42%.200
However, some patients will progress and die quickly after initial diagnosis and treatment,
whereas others will live for years, even with evidence of active disease.193:194 patients who

have long survivals are mostly those with no invasion193:194; some carry germline mutations.
67

In any individual with evidence of a diffuse malignant process in the abdominal cavity, the
most likely diagnosis is peritoneal metastases from ovarian cancer in women or
gastrointestinal cancer in men. However, the possibility of MPeM must be entertained and
can be verified pathologically with an image-guided core needle biopsy or laparoscopic
biopsy. Although a diagnosis of MPeM can be made on cytological evaluation, low
cellularity is a common problem.291 As with pleural mesothelioma, a correct IHC
assessment is critical for the definitive diagnosis of malignant pleural mesothelioma.
Positive antibody staining for pankeratin, cytokeratins 5 and 6, calretinin, and WT1 (in men;
WT1 stains ovarian carcinomas in women) and negative staining for ER, Moc31, CEA, Ber-
Ep4, LeuM1, and Bg8 helps in diagnosing MPeM.193:194 As for pleural mesothelioma, in
addition to Cam5.2 or other broad keratin-staining antibodies, at least 2 mesothelioma
markers and 2 carcinoma markers are recommended to establish a diagnosis of MPeM.

There are no uniformly accepted standards for assessing the extent of disease in patients
with MPeM. Although CT scanning is the staging modality most commonly used, MRI with
specific acquisition protocols may be increasingly used in the future. The role of PET or
PET/CT remains to be defined. Irregular or nodular peritoneal or mesenteric thickening, an
omental mass, and ascites are common radiographic features.202 Unfavorable radiographic
findings associated with a poor outcome include nodular thickening of the visceral
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peritoneal surfaces with marked distortion of the normal architecture of the bowel or signs of
bowel obstruction.202

There is no uniformly accepted staging system for patients with MPeM, but the peritoneal
cancer index (PCI) is commonly used to codify the extent of disease in the abdomen.193.194
When using the PCI, the abdominal cavity is divided into a grid of 9 sections: the small
bowel and its mesentery are divided into 4 sections, and each is assigned a value from 0 (no
gross disease) to 3 (extensive disease). By convention, the PCI has usually been divided into
quartiles (1-10, 11-20, 21-30, and >30) to identify progressively advanced disease.

CRS with some type of regional perioperative chemotherapy is the optimal initial treatment
in selected patients with MPeM, and it is associated with survival ranging between 34 and
92 months.167.199-201 peripperative therapy has been delivered as either hyperthermic
intraoperative peritoneal chemotherapy (HIPEC) or early postoperative intraperitoneal
chemotherapy (EPIC). Data reporting outcomes of patients treated with CRS and HIPEC are
derived from retrospective analyses. Factors important in patient selection for CRS and
HIPEC or EPIC are good performance status, a disease burden and tumor distribution that
are favorable for a complete or near complete CRS, young age, female sex, epithelioid
histology, and the absence of preoperative thrombocytosis.20:167.203.204 Age older than 60
years, male sex, biphasic or sarcomatoid histology, tumor invasion into adjacent tissue on
histopathology, and pretreatment thrombocytosis are all associated with shortened survival.
194,198,202,205 The Jargest multicenter retrospective study included results from 29 centers for
405 patients treated in both the United States and Europe.2%6 The perioperative treatments
administered were not controlled. The actuarial median OS was 53 months. Factors that
were independently associated with improved outcome included favorable (epithelioid)
histologic subtype, absence of lymph node metastases, completeness of CRS, and the
administration of HIPEC. A second large, retrospective review of outcomes of 211 patients
with MPeM who were treated at 3 centers in the United States showed similar outcomes.167
The actuarial median OS was 38 months, and factors that were independently associated
with improved outcome were age younger than 60 years, completeness of cytoreduction,
favorable tumor histology, and the use of cisplatin versus mitomycin ¢ administered through
HIPEC. It was also noted that, in patients who had a suboptimal cytoreduction, HIPEC
conferred no clinical benefit. A meta-analysis showed that the use of EPIC and the use of
cisplatin were associated with prolonged survival.2%0 These studies were conducted before
the discovery that patients with MPeM carrying germline mutations almost always had well-
differentiated MPeM and prolonged survival,67:68 and thus future studies will have to
include genetic testing for the proper evaluation of factors influencing survival.

Treatment morbidity from CRS and HIPEC can be significant and should be considered in
any patient for whom CRS and HIPEC are contemplated. In 65 patients with MPeM who
underwent CRS and HIPEC, major postoperative morbidity was 35%, and the 60-day
mortality rate was 6%. On multivariate analysis, postoperative sepsis was significantly
associated with shortened survival.2% Other studies have reported operative mortality rates
of less than 296.167.203 Together, these data suggest that careful patient selection and
expertise in patient management are essential to optimize outcomes in patients with MPeM
who undergo CRS and HIPEC.
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The most active chemotherapy regimen for patients with MPeM is a doublet of pemetrexed
and cisplatin, as established by data from the US Expanded Access Program: the overall
response rate was 26%, and the stable disease rate was 45% for a combined disease control
rate of 71%.297 Systemic therapy is usually reserved for patients who are not operative
candidates for CRS and HIPEC. The benefit of systemic chemotherapy in a neoadjuvant or
adjuvant setting around CRS and HIPEC has not been established.208:209 |n general, the use
of chemotherapy before or after a planned CRS and HIPEC procedure should be
individualized and reserved for those who may not be medically optimized for immediate
operative intervention or whose histopathology indicates a very high risk for early
recurrence and progression.

After the vast use of asbestos during World War 11, the incidence of mesothelioma increased
significantly: for decades, almost all patients were asbestos workers. As the cohorts of
asbestos workers vanish because of old age, increasing percentages of mesotheliomas,
especially peritoneal mesotheliomas, occur in individuals who are not occupationally
exposed to asbestos. These mesotheliomas may be caused by environmental exposure,
genetic predisposition, or GXE interaction. A careful clinical history can help uncover
environmental sources of exposure, alerting local health authorities to implement preventive
measures that can be life-saving. Pathogenic germline mutations of BAPZ and, less
frequently, of other tumor suppressor genes have been detected in approximately 12% of
patients. This subgroup of genetically linked mesotheliomas occurs in younger individuals
who rarely report asbestos exposure, with a M:F ratio of 1:1 and survival from 5 to 10 or
more years. Genetic testing of relatives helps detect those who inherited the mutations and
who will benefit from early detection screening, which can be life-saving. Genomic analyses
revealed that BAPZ mutations are also the most commonly acquired mutations in sporadic
mesotheliomas, providing a potential specific target. Clinical trials targeting pathways that
are altered when BAPI is mutated are ongoing. The recent evidence of the neoantigenic
potential of chromothripsis and other patterns of chromosomal rearrangement in some
mesotheliomas provides renewed hope that immunotherapy may benefit patients with
mesothelioma: several trials are being conducted. As we wait for the outcome of the ongoing
clinical trials that, we hope, will improve therapeutic options, there are things that can be
done to help patients: 1) reduce the percentage of misdiagnosis, estimated at 14% in France
and as high as 50% in some developing countries, which leads to delays and inappropriate
treatment; and 2) genotype patients to identify carriers of germline mutations and conduct
genomic studies on tumor biopsies to identify actionable mutations.
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FIGURE 1.
Several Asbestos Fibers Seen Inside Lung Alveoli. The biopsy is from a patient with

mesothelioma who worked for “Eternit,” an Italian cement factory that was the major
producer of cement-containing asbestos in Europe (both crocidolite and chrysotile were used
to make cement) (original magnification x200; /nset. x1000).
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FIGURE 2.
Histology and Immunohistochemistry of Mesotheliomas in Different Species. (Left Column)

Hematoxylin and eosin (H & E) staining and (Right Column) immunohistochemistry for
cytokeratin Camb.2 and cytokeratin AE1/AE3 are shown. B indicates bird; C, cat; D, dog;
H, horse; L, lion. Original magnification as indicated. These histologies are
indistinguishable from those seen in human mesothelioma.
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Mitochondria

DNA REPAIR
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FIGURE 3.
BAP1 Controls Distinct Cellular Activities by Modulating DNA Repair and Ca2*

Intracellular Levels. In the nucleus, BRCA1l-associated protein 1 (BAP1) regulates DNA
repair. Increased DNA damage is observed in BAPI-mutant cells after exposure to asbestos,
ultraviolet light, radiation, and chemotherapy. Similar results are observed in cells in which
BAP1 levels are reduced using small-interfering RNA technology. In the cytoplasm, BAP1
deubiquitylates and thus stabilizes the IP3R3 receptor channel that regulates Ca2* transfer
from the endoplasmic reticulum (ER), in which CaZ* is normally stored in the cell, to the
cytoplasm. Ca2* is released in areas of the ER that are in close contact with the
mitochondrial outer membrane: these areas are called MAMs (mitochondrial-associated
membranes). Here, Ca2* flows through the voltage-dependent anion channel (VDAC)
channel on the outer mitochondrial membrane and then is actively transported inside the
mitochondria by the mitochondrial uniporter channel (MCU) located on the inner
mitochondrial membrane. Inside the mitochondria, Ca2* is required for the normal activity
of the Krebs cycle. Reduced Ca2* concentrations—as in cells carrying BAPI mutations—
impair mitochondrial respiration (Krebs cycle), and the cells switch to aerobic glycolysis
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(Warburg effect). Normally, when cells sense that DNA damage has occurred and that the
damage cannot be repaired, they release higher than normal amounts Ca%* from the ER
through the IP3R3, leading to high mitochondrial Ca2* concentrations, which, in turn, cause
the release of cytochrome c from the mitochondria into the cytosol, in which cytochrome ¢
starts the apoptotic process. Cells with mutated BAPI cannot release sufficient amounts of
Ca?" to start the apoptotic process. Thus, cells with DNA mutation do not die; instead, they
divide and, over time, may become malignant. Ub indicates ubiquitin.
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FIGURE 4.

Mesothelioma Contains Numerous Mutations; However, Only a Few Genes Are Mutated in
a Significant Number of Cases. This schematic compares significantly altered pathways
identified using Mutational Significance in Cancer (MuSiC) pathway analysis and reported
in Nature Genetics by Bueno et al (Bueno R, Stawiski EW, Goldstein LD, et al.
Comprehensive genomic analysis of malignant pleural mesothelioma identifies recurrent
mutations, gene fusions and splicing alterations. Nat Genet. 2016;48:407-416)82 with the
results of a very recent study from The Cancer Genome Atlas (TCGA) (Hmeljak J, Sanchez-
Vega F, Hoadley KA, et al. Integrative molecular characterization of malignant pleural
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mesothelioma. Cancer Discov. 2018;8:1548-1565).%1 Black-bordered genes indicate
significantly mutated genes (false discovery rate [FDR] <0.05 in red text and 0.05 <FDR
<0.2 in blue text) identified in the Bueno et al (cream),82 TCGA (light green),®! or both
(dark brown) cohorts. Bar graphs above each significantly mutated gene display the number
of tumors with the respective significantly mutated gene for epithelioid (dark gray), biphasic
(orange), and sarcomatoid (red) histologies. BAP1 indicates BRCAZ1-associated protein 1.
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FIGURE 5.

Chromothripsis and Predictive Neoantigen Formation in Mesothelioma. (A) This is a
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representative drawing of chromothripsis. “Normal” chromosomes occasionally can remain
outside the nucleus after mitosis and are found in the cytoplasm surrounded by a nuclear
membrane (micronuclei). During the subsequent mitosis, upon dissolution of the nuclear
membrane, the extranuclear chromosome is exposed to the cytoplasm and becomes
fragmented (breakage). The fragments can be re-incorporated into the nucleus, in which the
DNA ligases bind them together randomly, resulting in major chromosomal rearrangement.
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Some fragments are lost. This process may be favored by DNA mutations, which may
increase the chance that a chromosome lags behind during mitoses, resulting in a
minichromosome (see Carbone M, Yang H, Gaudino G. Does chromothripsis make
mesothelioma an immunogenic cancer? J Thorac Oncol. 2019;14:157-159%4). (B) In this
genome plot of specimen MEQ18, the chromosomes are plotted in order by size as numbered
near the margins. Curved pink lines represent intrachromosomal rearrangements, whereas
light green lines represent interchromosomal rearrangements. Deletions are represented in
red, and amplifications are represented in blue. Accordingly, the multiple pink lines on
chromosomes 7 and 10 each represent chromothripsis. CNVs indicates copy number
variations. (C) This drawing illustrates how mutant proteins may be processed by the
proteasome and transported into the endoplasmic reticulum by transporter-associated with
antigen processing (TAP). Peptides typically of 8 to 12 residues are loaded onto class | HLA
molecules, migrate to the cell surface, and are presented. The expression of chromosomal
rearrangements described in panel A potentially may provide a source of neoantigens that
can be presented by tumor cells for recognition by the immune system.
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