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Dedications are insights into the personal lives and motivations of the
editors of a book. Because each of us has dedicated so many years of 
our professional and personal lives to studying and grappling with
mesothelioma, we collectively decided to dedicate this book to the
amazing and wonderful patients with mesothelioma and their families
who have changed each of our lives for the better. Their humanity, com-
passion, humor, and courage during their unique and heroic battles are
beacons that will forever illuminate the path forward.

Personally, we each dedicate the book to special people in our lives:

To Helen, Ally, and Eric Pass, who put up with Poppy becoming com-
pletely overwhelmed but still provide him with the love he always
needs.

Harvey I. Pass, MD

To my father Reverend Nicholas Vogelzang who at age 85 continues to
have intense curiosity, a keen sense of humor, love of family, and ded-
ication to the welfare of others. I love you Dad. 

Nicholas J. Vogelzang, MD

To my father, Carmine Carbone, Professor of Orthopedics and sixth
generation physician in my family, who inspired and in a way forced
me to become the seventh generation physician.

Michele Carbone, MD, PhD



Preface
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Malignant mesothelioma remains one of the sentinel malignancies of
oncology. It has a breathtakingly rapid natural history with a median
survival of 6 to 8 months when untreated, is environmentally related,
and has such economic and social impact that attorneys specialize in
representing only mesothelioma patients. Expert witnesses devote 
full time to testifying, and governments are forced to consider not only
the banning of the environmental agent but also a reappraisal of the
whole tort system for compensation to injured victims. Furthermore,
its presence in certain populations has changed the mindset of whole
communities, such as Libby, Montana, Cappadocia, Turkey, Sarnia, and
Ontario.

Because of its infrequent occurrence, malignant mesothelioma is 
considered an orphan disease and managed in an anecdotal fashion in
most oncologic practices. Yet this disease has set new scientific para-
digms—in the clinic, laboratory, and community.

This book has been assembled to correct an information “disconnect”
about this orphan disease and to raise awareness among scien-
tists everywhere about new concepts in the molecular genetics, epi-
demiology, and carcinogenesis of mesothelioma. We, as editors and
authors, work to spread knowledge about mesothelioma and reverse
the disproportionately low amount of NCI funding committed to 
the study of this cancer. Furthermore, we believe that study of this 
fascinating disease, while occurring in the context of litigation con-
cerns, should proceed along the same paths that all science takes, 
following the trail of discovery. Legal issues should have no influ-
ence—but sadly often do have—on the direction taken by science and
medicine.

Over the last ten years, data have accumulated indicating that
mesothelioma is a cancer caused by the environmental carcinogens
asbestos and erionite, which interact with genetic predisposition and
viral infection during cardinogenesis. The outcome of these complex
interactions determines who among exposed individuals will develop
malignancy. Moreover, mesothelioma has become the ideal model 
to study how genetics and viral infection influence environmental 



carcinogenesis, as well as to discover novel targets for early detection
and therapy. 

Few cancers have caused so much controversy as mesothelioma. For
more than 40 years scientists have argued whether chrysotile asbestos
does or does not cause mesothelioma. As if the chrysotile controversy
was not enough, a new controversy developed in the field of mesothe-
lioma when two of the editors of this book (HP and MC) reported 
that SV40, a DNA tumor virus that causes mesothelioma in animals,
was present in some human mesotheliomas. Besides these important
causality issues, conflict exists regarding the best surgical therapy for
the disease and the interpretation of novel trials for mesothelioma. All
these volatile issues, including the economic, legal, and most impor-
tant of all, the scientific aspects, are addressed in various chapters in
this book. We encourage the reader to not only digest these topics but
to follow these controversies in mesothelioma prospectively as new
data are introduced. 

The proliferation of mesothelioma-specific knowledge has led to an
increase in the number of global conferences devoted to mesothelioma,
at which scientists present new and exciting findings. A sufficient quan-
tity of mesothelioma-specific research now stands strong and is no
longer the stepchild at meetings devoted to lung cancer or sarcoma.
Clinicians and scientists alike are being identified as “mesothelioma
experts,” and their advice in preventing and detecting the disease early,
as well as in the treatment of the disease, is being solicited not only by
other physicians, but by a growing number of E-mails directly from
patients and their families.

The editors envisioned a comprehensive text that described the 
controversies and facts in order to heighten awareness of the mesothe-
lioma epidemic and to aid both clinicians and bench scientists in 
their efforts to either treat the disease or design new therapeutic
options. The complexity of mesothelioma has only recently been real-
ized, and this complexity demands that the disease “graduate” from
being just another chapter in an oncology text. Therefore, this book is
intended to be used as an authoritative guide by PhDs, primary care
physicians, pulmonologists, medical oncologists, radiation oncologists,
and surgical oncologists, as well as by fellows in training in these 
subspecialties. Moreover, because of the economics and legal impact 
of mesothelioma, this book will have a significant impact in courts 
of law.

This was truly an international effort, and the North American, 
European, Middle Eastern, and Australian perspectives on both the
clinical and translational aspects of mesothelioma are represented. This
fact, in itself, reinforces the global nature of this smoldering epidemic,
and emphasizes that a reference source that can potentially be
expanded in future editions should be launched at this time. The
editors are grateful to all of the authors who took time from their
incredibly busy schedules to contribute to this first effort. Their enthu-
siasm and patience in providing the most up-to-date information
regarding their areas of expertise are reflected in their chapters, and the
editors are convinced that their efforts will be rewarded with a newer
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generation of oncologists and investigators who will approach
mesothelioma with knowledge instead of apathy.

Finally, the editors wish to thank Springer for having the foresight
to recognize the void in the literature regarding mesothelioma by pub-
lishing this book. When the publishing house was first approached
about this project, there was never any hint of too small a market or
population to endorse or support the project, and Springer has been a
wholehearted working partner in this effort. Special thanks go to Beth
Campbell, Stephanie Sakson, Barbara Chernow, Brian Drozda, and
Laura Gillan diZerega, all of whom stood by this undertaking with
unwavering support.

Harvey I. Pass, MD
Nicholas J. Vogelzang, MD

Michele Carbone, MD, PhD
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1
The History of Mesothelioma

Dorsett D. Smith

The story of the discovery of this rare tumor and of the subsequent 
controversies that arose about its causation by specific forms of com-
mercial asbestos is long and complex. It could fill an entire book. This
chapter focuses on the early history of the discovery, from 1767 to 1900;
on the histologic controversies, from 1900 to 1942; and on the diagnostic
controversies and the role of asbestos, from 1943 to 1973 (Table 1.1).
The period from 1972 through the 1980s and 1990s could be character-
ized by advances in the industrial hygiene assessment of exposures,
case-control studies, and other major epidemiologic studies concerning
health effects in asbestos end-product users, paraoccupational expo-
sures, household exposures, school and building exposures, and the
role of specific asbestos fiber types, fiber characteristics, and lung fiber
burden analysis. The 1970s to 1990s was also the period when the role
of environmental exposure to erionite, tremolite, and ceramic fibers
was discovered, and molecular and cellular biology focused on the
characteristics of fiber carcinogenicity. In the final period, from the late
1990s to the present, the focus has been on the viral contribution to
pathogenesis such as SV40 and human genetics and treatment strate-
gies. The history of the discoveries after 1973 is covered by other
authors in other chapters in this book.

Early Discovery, 1767 to 1900

The history of the term mesothelioma has entailed more than 100 years
of controversy. The earliest mention of a possible tumor of the chest
wall was by Joseph Lieutaud (1), generally regarded as the founder of
pathologic anatomy in France according to Wolf (2), as quoted by
Robertson (3). Lieutaud published a study of 3000 autopsies, among
which were two cases of “pleural tumors.” The published account men-
tions a boy who suffered from marked dyspnea following trauma, who
at postmortem showed fleshy masses adherent to the pleura and the
ribs. Laennec (4) in 1819 is also said by Robertson to have suggested
that there was an entity of primary malignancy of the pleura based on
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the epithelial nature of these pleural cells. In 1843, von Rokitansky (5)
actively opposed the idea of primary cancer of the pleura, and stated
that pleural cancer always was secondary to a primary focus elsewhere.
Ironically von Rokitansky in 1854 described what were called primary
tumors of the peritoneum, which he called “colloid cancer” and 
most likely were peritoneal mesotheliomas. This strong opinion on the
metastatic origin of pleural mesotheliomas by the German pathologists
was to remain the opinion of many pathologists up through the mid-
20th century as stated by Willis (6). There were further reports in the
early 19th century of what could be considered pleural-based cancers.
It was Wagner in 1870 who first described a lesion, which he classified
as “Das Tuberkelähnliche Lymphadenom.” He felt this was a primary
malignancy of the pleura in a 69-year-old woman in whom an 
epithelial-based malignancy was found. Wagner had described lymph
channels filled with tumor. Schultz (7) in 1875 reexamined the prepa-
rations of Wagner and emphasized the neoplastic nature of the process
and renamed it endothelial cancer. The tumor was thought to arise
from the lymph vessels and was commonly called an endothelioma.
This was not questioned until 1891, when Engelbach (8) first raised the
question of whether these tumors arose from the endothelium of the
lymph vessels or from the surrounding serosal surfaces.
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Table 1.1. Important historical events between 1767 and 1972
Year Researcher Event

1767 Lietaud Report of first possible case of pleural 
mesothelioma

1854 von Rokitansky First pathologic description of peritoneal 
mesothelioma

1870 Wagner First pathologic description of pleural 
mesothelioma

1890 Biggs First American case
1920 Du Bray, First use of the term mesothelioma

Rosson
1924 Robertson Best review of literature up to that time
1942 Stout, Murray Further evidence on histogenesis
1953 Weiss Association with pleural mesothelioma made in 

Germany
1954 Leichner Association of asbestosis with peritoneal 

mesothelioma
1957 Godwin Clear pathologic criteria for pleural 

mesothelioma
1960 Winslow, Taylor Clear pathologic criteria for peritoneal 

mesothelioma
1960 Wagner Mesothelioma associated with northwest Cape 

crocidolite
1964 Enticknap, Association of asbestos and peritoneal 

Smither mesothelioma
1965 Selikoff New York Academy of Science Symposium, 

report on U.S. insulators
1969 Wagner Animal model further perfected
1972 Stanton, Wrench Stanton hypothesis on the importance of fiber 

size/length



During the late 19th century and early 20th century, there was
general acceptance that some sarcomas arose from the pleura when
there was no evidence of a primary elsewhere, and it was generally
accepted that the only tumor that might be primary to the pleura or
the subpleura was a primary sarcoma. This was generally the Italian
view as summarized by De Renzi (9). In 1890 Biggs (10) was the first
American to report two cases of “endothelioma of the pleura” at the
New York Pathological Society. Primary fibrous sarcomas of the pleura
were generally accepted as arising from the fibroblast but not the
pleural tissue itself. The fact that the pleural lining was capable of pro-
ducing tumors that were both epithelial and of connective tissue origin
was first pointed out by Paltauf (11), Borst (12), and Kaufmann (13). By
1909 Patterson (14) found 96 cases in the literature and added two 
of his own. The disease occurred twice as frequently in men than in
women, and the greatest number of cases was found in patients
between the ages of 40 and 60 years.

Histologic Controversy, 1900 to 1942

Miller and Wynn (15) were the first to advance the opinion that a peri-
toneal neoplasm was able to present both epithelial and fibroblastic
characteristics because of the embryologic relationship of these cells to
the mesoderm. Later, Maximow (16) was able to demonstrate via tissue
culture direct transitions from the mesothelioma cell to fibroblast.

In 1924 Robertson’s (3) article on endothelioma of the pleura was
probably the most thorough review of the literature that had been done
up until that time. At the time of that publication, endotheliomas or
primary pleural malignancies were certainly rare, in that Clarkson (17)
in 1914 stated that out of 10,829 postmortem exams performed in
Munich, Germany, there were only two cases of primary endothelioma
of the pleura, although he could find records of only 41 cases. Later,
Robertson quotes Keilty (18), who reviewed the records of the pathol-
ogy department at the University of Pennsylvania and found nine 
cases of primary endothelioma of the pleura in 5000 postmortem 
examinations.

Bayne-Jones (19) described a 16-year-old boy with a pleural-based
malignancy that Bayne-Jones thought was a primary neoplasm of the
lining cells of the pleura and an epithelial tumor, which he described
as a carcinoma of the pleura. Bayne-Jones thought this tumor was not
an endothelioma or it did not arise from the endothelium of the lym-
phatics but from the mesothelial cells and therefore was an epithelial
carcinoma. In 1920 Du Bray and Rosson (20) proposed the term primary
mesothelioma of the pleura. They thought the term pleural carcinoma or
endothelioma was not appropriate, but that the term mesothelioma was
most appropriate. In 1921 Eastwood and Martin (21) agreed that the
term should be mesothelioma. Zeckwer (22) also used the term mesothe-
lioma in his report of 1928. The issue as to whether there was such a
thing as a primary endothelial malignancy arising from the pleura was
carefully discussed by Robertson (3) in his seminal paper, and he
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rejected the idea that the epithelial tumors were primary tumors of the
mesothelium; he thought that these tumors were most likely metasta-
tic tumors of some other origin. He thought that only sarcomas could
be classified as primary malignant tumors, and that all other types of
growth were secondary tumors with implementations or metastasis
from unrecognized, latent primary malignancies elsewhere.

In 1931 Paul Klemperer and Coleman Rabin (23) published a report
of five cases from Mt. Sinai Hospital in New York City, including 
one case with both epithelial and mesenchymal characteristics. They
thought that diffuse neoplasms of the pleura arose from the surface
lining cells, the mesothelium, and should be designated mesothelioma
as previously suggested by others.

In 1933 S. Roodhouse Gloyne (24) reviewed his series of asbestosis
cases and stated, “Of the complications unrelated to the asbestosis the
following have been noted: (a) abdominal carcinoma; (b) mitral steno-
sis; (c) cerebral hemorrhage, and (d) cholelithiasis. There has been one
case of squamous carcinoma of the pleura. There is no evidence at the
moment that this was in any way related to asbestosis.” It is open to
speculation as to whether these were the earliest cases of mesothe-
liomas in asbestos-exposed workers!

Ewing (25) in 1940 raised the question of the influence of chronic irri-
tation or trauma and low grades of inflammation in causing connec-
tive tissue changes in the pleura, and wondered if some of the cases of
pleural malignancy were connected with tuberculosis. Many of the 
previously reported cases had evidence of coexistent tuberculosis, 
in several attacks of pleurisy on the involved side. The trauma and
chronic inflammation as a cause of pleural transformation were
reviewed by Ewing (25). Ewing’s comments were amplified by an
excellent review of the literature by Andrea Saccone and Aaron
Coblenz (26) from New York City in 1943. The authors were able to
identify 41 cases in seven published series between 1910 and 1938 from
a total of 46,000 autopsies or 0.09% mesotheliomas. They concluded
from their review of the case reports that some of these tumors were
misdiagnosed and were metastatic from other sites. Certainly the con-
fusion in making the pathologic diagnosis would continue for many
years. From 1960 to 1968 only one half of Canadian mesothelioma cases
on death certificates could be confirmed by an expert panel (27).

Further support for the idea that these tumors arose from the
mesothelium rather than from the endothelium was provided by Stout
and Murray (28) of New York City in 1942. They used their studies on
tissue cultures to support the idea that malignant cells arose primarily
from the mesothelial cell. Their concept of histogenesis was so contro-
versial at that time that their Department of Pathology chairman
required them to publish a statement of his disbelief in their paper.
Stout was later to become professor of pathology at Columbia Univer-
sity in New York City. He was able to accumulate pathologic material
on 156 mesotheliomas between July 1919 and June 1964. This was the
largest series from a single institution in the world as of 1964 and yet
Stout (29) later commented that in retrospect he was unaware of a
single case associated with asbestosis.
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Further support for Stout’s theory of histogenesis came from Canada
in a paper by Postoloff (30) entitled “Mesothelioma of the Pleura,” in
which he concluded that, indeed, the mesothelioma is capable of trans-
forming into both an epithelioid malignancy and a sarcomatous malig-
nancy. He emphasized the importance of an osteoid matrix in the
histologic features of mesothelioma. He also mentioned that his team
found only seven mesotheliomas out of 7878 consecutive autopsies
covering a 20-year period between 1923 and 1942.

By 1946 Arnold Piatt (31), a radiologist at the Newark Hospital,
reviewed the radiologic aspects of primary mesothelioma or endothe-
lioma of the pleura. By then over 200 authors had discussed and offered
opinions on the entity, which at that time was called primary mesothe-
lioma or endothelioma of the pleura. Piatt points out that it was a 
very difficult diagnostic problem for pathologists, who argued among 
themselves as to the type and histologic origin of the neoplasm. By 
then there were as many as 30 different terms used to describe this 
clinical entity, including endothelioma, mesothelioma, endothelial carci-
noma, pleural carcinoma, primary papillary endothelioma of the pleura,
adenoendothelioma, sarcoendothelioma, pleural sarcoma, round cell sarcoma,
spindle cell sarcoma, angiosarcoma, lipomyxosarcoma, giant cell sarcoma 
of the visceral pleura, sarcomatous malignancy of the pleura, malignant tumor
of the pleura, mesothelial carcinoma, perithelioma, endothelioma, carcinoma-
todes, lymphangioendothelioma, fibroendotheliosis of the pleura, lymphangitis
proliferans, pleuroma, abdominal colloid tumor, and tubercle-like 
lymphadenoma (32).

Definition and Suspicion, 1943 to 1960

In the confusion about whether mesothelioma was truly a separate 
clinical entity, there were five different opinions as to the source of 
the tumor: (1) an aberrant nest of lung epithelium became malignant
within the lining of the pleura; (2) the endothelial lining of the 
subpleural lymphatics was the source of the tumor, hence the name
endothelioma; (3) the tumor arose from the pleural capillary endothe-
lium or endothelial lining of the subpleural lymphatics, or both; (4) the
tumor arose from the mesothelial lining of the pleura itself, or was 
a mesothelial-derived tumor or a mesothelioma; (5) those tumors of
epithelial origin always arose from a primary tumor elsewhere that had
metastasized to the pleura. These primary tumors could be so small
that they were easily missed on a routine autopsy. A sarcoma was a
primary from the subpleural connective tissue. It is because of the dif-
ferences in opinion about the origin of the tumor that there was such
a large number of terms used to describe the same process.

In this setting of confusion, early reports began to filter out that some
patients with asbestosis developed an unusual form of pleural malig-
nancy. The first report was by Wedler (33), who reported the results of
30 autopsies on asbestos workers in Germany. He excluded one case,
and of the 29 remaining autopsies, four had bronchial cancers, and two
others had a malignant pleural growth. He commented about his own
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impression that the incidence of cancer, which was 20% for malignant
tumors in this population, was much too high to be by chance, and that
the lung cancer was due to the asbestos exposure. He reviewed all the
known studies at that time, and pointed out that the first mention of a
lung cancer associated with asbestosis was made in 1933 by Gloyne
(34), who stated, “There has also been one case of squamous cancer of
the pleura. There is no evidence at the moment this was in any way
related to asbestosis.” In 1935 Gloyne (35) was able to report two addi-
tional patients with lung cancer and asbestosis. Wedler did not discuss
whether the pleural cancers he found were true mesotheliomas or were
related to an underlying lung cancer; he simply reported these findings
and called them pleural growths of epithelial origin. He stated that
lung cancer was the most common complication encountered in cases
of asbestosis.

While the report of Wedler was readily accepted in Germany, 
the information was generally ignored elsewhere. In retrospect, 
Harrington (36) stated, “Of particular interest is the apparent influence
of politics, given that the earliest published accounts emanated from
Nazi Germany, thus received less attention and credence than was their
due. Furthermore, there was the skepticism—presumably natural
rather than biased—on the part of many early scientific observers in
both the United States and Britain.” In 1947 a patient with a mesothe-
lioma of the pleura and pericardium who worked with asbestos cutting
insulation board was reported as chronic pulmonary congestion (CPC)
by the Massachusetts General Hospital, but the association with the
asbestos exposure was not made (37). In 1952 Cartier (38) reported in
a scientific meeting via an abstract of a discussion of a paper by W.E.
Smith seven cases of respiratory cancer in 4000 asbestos workers
working in the Quebec chrysotile mining and milling industry, and
included in the cohort were two cases of pleural mesothelioma. Cartier
thought that since the two mesothelioma cases did not have asbesto-
sis, causation from asbestos exposure could not be made. The details
of these cases were never published.

A year later, in 1953, Weiss (39) added a third case to the two malig-
nant tumors of the pleura described by Wedler, that of a man with
asbestosis and pleural mesothelioma who had done insulation work in
a naval dockyard from 1920 until 1935. Weiss believed that the associ-
ation between asbestosis and pleural mesothelioma was strong, and
therefore he recommended that the German government accept this 
as a work-related condition. Von Rokitansky (40) in 1854 described 
what were called primary tumors of the peritoneum, which he called
“colloid cancer.” While this tumor was mentioned in the English liter-
ature, first by Miller and Wynn (15) in 1908, the association between
peritoneal tumors and possible asbestos exposure was not made until
1954 when another German, Leichner (41), described an autopsy done
2 years earlier on a 53-year-old man who worked in an asbestos factory
primarily as a spinner. Leichner reported that the patient had asbesto-
sis and tuberculosis, but had what appeared to be an incidental finding
of a peritoneal mesothelioma. Leichner found evidence of asbestos
fibers in the tumor, and felt that this peritoneal mesothelioma was

8 Chapter 1 The History of Mesothelioma



again work related. A short time later, in 1955, Bonser et al (42) reported
72 autopsies of patients with asbestosis in which four were found to
have abdominal neoplasms consistent with a peritoneal mesothelioma,
but the authors never made the association that these were asbestos-
induced peritoneal mesotheliomas.

In 1956 Ackerman (43) wrote that it was the majority opinion that
primary mesotheliomas were rare but do exist. A year later, in 1957,
Godwin (44) wrote a very important paper that laid down strict diag-
nostic criteria for the diagnosis of pleural mesotheliomas. In 1958 Van
der Schoot (45) reported two mesotheliomas in insulation workers.

In 1958 McCaughey (46) from Belfast, Ireland, reported 11 diffuse
and two localized pleural mesotheliomas. He felt there was strong evi-
dence to support the belief that diffuse pleural mesothelioma was a
clinical entity in spite of opposition to this idea. He did not make the
association in this study to asbestos exposure, but he would do so in
retrospect a few years later (47). This paper was a response to an article
published by Smart and Hinson (48) of the London Chest Hospital who
reported 24 cases of pleural neoplasm and concluded that the occur-
rence of a true neoplasm of pleura could not really be denied, that the
lesion is produced from known primaries, and that there was no need
to postulate an origin from that site (49). In 1956 Eisenstadt (50) of Port
Arthur, Texas, reported a patient who worked in a refinery who devel-
oped what appeared to be a malignant mesothelioma of the pleura. He
pointed out that very experienced pathologists denied the existence of
such a tumor, but he felt impelled to report the case anyway.

A good example of the confusion about what to do with the diag-
nosis of mesothelioma is the discussion of the condition by Sir Richard
Doll (51) in his classic 1955 study of the association between lung
cancer and asbestosis. In Table II of the article he describes 15 patients
with asbestosis and some type of lung cancer, but only uses 11 of the
15 in his analysis. Two of the patients are recorded as having either an
endothelioma of the pleura or epithelial carcinoma. Three additional
patients with lung cancer were found, but they did not have asbesto-
sis. The association between the asbestos exposure and the endothe-
lioma of the pleura was not made, and, evidently, was excluded from
this statistical analysis.

The seminal year for making the association between asbestos expo-
sure and mesothelioma is 1960. The seminal paper is that by Wagner
et al (52), entitled “Diffuse Pleural Mesothelioma and Asbestos Expo-
sure in the Northwestern Cape Providence.” The paper was very con-
troversial because it described 33 cases of diffuse pleural mesothelioma
with exposure to only one type of asbestos, so-called Cape Blue
asbestos mined in the asbestos hills west of Kimberly in the northwest
Cape Providence of South Africa. Wagner et al said the tumor was
rarely seen elsewhere in South Africa. This means the tumor seemed
to be rather specific to a certain geographic area and a specific type of
crocidolite asbestos. The data were considered suspect by many pathol-
ogists, in that only four of the patients had full autopsies, the rest
having had simple pleural biopsies that were recognized by many as
being unreliable in making the diagnosis of mesothelioma. The other
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problem was that previously reported patients had heavy industrial
exposure and usually asbestosis, and the majority of Wagner et al’s
cohort did not have asbestosis or heavy industrial exposure. The
general consensus at that time was that a true mesothelioma diagnosis
could not be made unless there was a complete autopsy excluding
some primary tumor elsewhere in the body that had metastasized to
the pleura and unless there also was concomitant asbestosis. The initial
response was muted, as so eloquently stated by Elliott McCaughey (53)
because of “the lack of experimental animal evidence, rejection or lack
of knowledge of science conducted outside of the United States, and
reluctance of individual writers to change their minds.” In an editorial
written in South Africa in 1968, the relationship between crocidolite
exposure and mesothelioma was still thought to be unproven (54).

In 1960 Eisenstadt and Wilson (55) published a paper describing two
patients with pleural mesothelioma. The second patient had a long-
term history of exposure to asbestos, and there were asbestos bodies in
the lung biopsy specimen. The authors felt there was an association
between the asbestos exposure and the subsequent development of this
unusual pleural malignancy.

Association and Causation, 1960 to 1973

Also in 1960 Keal (56) reviewed the records of an English hospital and
found 23 women with asbestosis. Four had carcinomatosis of the peri-
toneum without a known primary, one had ovarian cancer, and four
others had peritoneal malignancy possibly of ovarian origin. The asso-
ciation with asbestosis is glaring, but the connection between asbestos
exposure and peritoneal malignancy was not strongly suggested until
4 years later. Winslow and Taylor (57) published a series of 12 cases of
peritoneal mesothelioma in 1960 and reviewed 13 previously reported
cases found in the world literature. No association with asbestos expo-
sure was mentioned in their paper. However, the association between
asbestos exposure and diffuse abdominal tumors was established in the
English literature by the paper of Enticknap and Smither (58) in 1964.
Here again, the Germans made the association between asbestos 
exposure and this rare tumor earlier than other investigators. While
attempts to define the tumor mesothelioma were made by earlier 
investigators such as Klemperer and Rabin (23) in 1931, there was 
no general agreement among pathologists that such an entity really
existed. In 1957 Godwin (44) published strict criteria for the diagnosis
of pleural mesotheliomas that placed the pathologic identification on a
more firm scientific footing. It was not until 1960 that Winslow and
Taylor did the same thing for peritoneal mesothelioma tumors. After
Wagner’s discovery of the association between Cape Blue crocidolite
asbestos and the increased risk of mesothelioma in South Africa, the
question arose as to whether this was a unique problem limited to
South Africa or whether this was a problem occurring in the United
States. The American Medical Association Council on Occupational
Health (59) published an article on Pneumoconioses in the Archives of
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Environmental Health in 1963, in which there is a section on asbestosis.
The panel of experts concluded:

The relationship between cancer of the lung and asbestosis constitutes a
problem of great current interest. There is no doubt that the two diseases
appear in the same lung. Whether that occurrence is one of mere coincidence,
or of direct cause–effect, the relationship cannot be resolved on the basis of a
single case. The total body of evidence favors a relationship, especially as it
involves certain kinds of asbestos and possibly only those that contain specific
chemical substances have the capacity to cause cancer. Attention is invited to
experiences in the union of South Africa where pleural mesotheliomas have
been discovered in appreciable numbers of persons exposed to the inhalation
of crocidolite-amosite asbestos. Certainly detailed epidemiologic clinical and
experimental studies are required for the ultimate resolution of the problem.
[p. 37]

In 1962 Wagner (60) was able to produce mesothelial tumors of the
pleura by direct implantation of asbestos dusts in laboratory animals.
In 1963 Wagner reported at the 14th International Congress of Occu-
pational Health on 120 cases of mesothelioma, but curiously less than
one half of the patients directly worked with asbestos; they just lived
in the area where there was environmental exposure. The question at
that time was whether this was a localized group of mesothelioma
patients or the forerunner of an international epidemic. This question
was answered at the International Meeting on Biological Effects of
Asbestos held at the New York Academy of Sciences in New York City
in October 1964 but not published until December 31, 1965 (61). Reports
at the New York meeting from Newhouse and Thompson in 
London, Elmes and Wade in Ireland, Jacob and Anspach in Germany,
Hammond, Selikoff, and Churg in the United States, and Viliani and
coworkers in Italy confirmed the global extent of the problem.

Selikoff et al (62) reported their working experience with the 
relationship between asbestos exposure and mesothelioma in the New
England Journal of Medicine in 1965, further cementing the relationship
between asbestos exposure and mesothelioma and raising the question
of whether others types of asbestos might also cause mesotheliomas.
The authors did not believe that American workers had significant
exposure to crocidolite. They thought that the emergence of mesothe-
liomas in their cohort of asbestos insulators represented mainly expo-
sure to chrysotile and amosite. All patients had heavy exposure and
asbestosis. This article was followed by an editorial in the New England
Journal of Medicine on March 18, 1965 (63). The editorial mentions that
amosite, the third commercially used form of asbestos, has yet to be
incriminated, but there are no definitive studies to date to confirm or
deny such a connection.

Sluis-Cremer (64) of the Miner’s Medical Bureau in Johannesburg,
South Africa, gave a report to the New York Academy of Science in
1965. Sluis-Cremer in his discussion of mesotheliomas pointed out that
his epidemiologic studies found mesotheliomas only in the northwest
cape area of South Africa. The Transvaal amosite deposits had been
actively developed for longer than this period, and he mentioned that
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in the 1940s amosite was produced in three times the amount of the
northwest crocidolite, yet no mesotheliomas were seen in the north-
west area related to amosite exposure.

Of particular interest was the case control study of Newhouse and
Thompson (65). They diagnosed 83 patients, 41 men and 43 women,
with mesothelioma in association with a Cape Blue asbestos factory
that opened in London in 1913. There were 27 peritoneal tumors and
56 pleural tumors. The factory used Cape crocidolite exclusively until
1926, when small amounts of amosite and chrysotile were added. Eigh-
teen patients were employed in the asbestos factory and eight as insu-
lators and laggers. An additional nine patients lived in the same house
as an asbestos worker. Particularly distressing was the discovery of 36
patients with no known work or domestic exposure to asbestos. Eleven
of these patients lived within one-half mile of the asbestos factory, 
suggesting neighborhood exposure. This case-control study and one 
by Elmes et al (66) were the first two case-control studies to confirm
the earlier report of Wagner from South Africa. The concern about 
neighborhood exposure was echoed by Lieben and Pistawka (67) of 
the Pennsylvania Health Department, who reported that of 42 
patients with mesothelioma only 20 had occupational exposure, eight
lived within the vicinity of an asbestos plant, and three had family
exposure.

The general medical community had believed that if asbestosis could
be avoided by reducing exposure to friable asbestos, then asbestos-
related malignancy would also be avoided. The early mesothelioma
cases were generally heavily exposed in the early 1900s prior to the
promulgation of dust control measures. Selikoff (68) stated in 1969, “I
have yet to see a mesothelioma in a man who began work after 1930
or a case of lung cancer in an asbestos worker who had worked in that
industry less than twenty years.” However, the data of Wagner, New-
house and Thompson, Lieben, and others challenged this. Thompson
(69,70) reported in 1963 asbestos bodies in the lungs of people who
were not asbestos workers and called it a modern urban hazard.

In 1968 Utidjian et al (71) reported that almost 100% of urban
dwellers had asbestos bodies in their lungs. By 1970 Thompson’s orig-
inal observations were widely confirmed in Montreal, Milan, London,
Newcastle, Glasgow, Belfast, Dresden, Pittsburgh, Miami, and New
York (68). A paradigm shift had occurred; by 1970 it was generally
accepted that low-level exposure to northwest Cape Blue crocidolite
was capable of causing mesothelioma. By 1966 the importation of cro-
cidolite asbestos had been voluntarily abandoned in England, and new
asbestos regulations accepting the relationship between asbestos and
mesothelioma were adopted in 1969. The standard for asbestos 
exposure in England was set at 0.2 f/mL (F is the degree of fineness of
abrasive particles) for crocidolite or one-tenth the acceptable level of
exposure to other forms of commercial asbestos at 2 f/mL (72). The
question remained how much exposure was too much. The next 30
years would be focused on the role of other types of commercial
asbestos and noncommercial asbestiform materials. Wagner and Berry
(73) by 1969 had perfected an animal model that would help answer
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many of these questions. Stanton and Wrench (74) had demonstrated
in 1972 that the carcinogenic potential of asbestos was related to its
diameter and length.

In 1965 Sir Bradford Hill (75) proposed criteria for assessing causa-
tion in chronic diseases. His seminal paper presented at the Royal
Society of Medicine provided a systematic approach to evaluate the
association between asbestos exposure and mesothelioma. The main
requirements were strength of association, consistency of association,
dose-response relationship, and biologic plausibility. The acceptance of
new ideas moves slowly. Biologic plausibility of carcinogenesis is
meant primarily to be based on animal and cell tissue modeling or by
analogy to other human tumors. Unfortunately, biologic plausibility for
many in the 1960s and early 1970s meant that if I can’t understand it,
I don’t believe it.

The Doubters and the Role of Other Forms of Asbestos

It seems that every advance in science has its naysayers who are 
pulled along screaming and kicking. Garrett Schepers (76), then work-
ing as an American pathologist, was originally from South Africa. He
related his own experience at the New York Academy of Sciences
meeting:

As a boy, I lived not far from Kuruman for a number of years. One could not
imagine a more healthy territory. However, there is a particular irritating type
of grass in the area (Klitsgras), whose seeds burrow into every garment they
cling to, as these seeds are armed with fine barbs. Surely, when the wind blows,
as often it does in Kuruman, some of these minute barbs may be inhaled. I
wonder whether some of these fiber structures reported in the lungs of persons
in that area may not represent reactions to grass barbules. I offer this Klitsgras
theory of Kuruman mesotheliomatosis in order to clear the hurdle created by
the discovery of this rare disease in such abundance in persons with such little
meaningful exposure to asbestos. Perhaps the South African pathologists will
now have their turn to make mincemeat of my theory. [p. 599]

Also at that meeting Schepers stated:

My first impression is that there is now less certainty that asbestos inhalation
is associated with pulmonary neoplasia than there was 10 or 20 years ago.
Perhaps this is due to greatly reduced dust exposures. Asbestos may after all
prove to be carcinogenic only in overwhelming dosage. Thus, the high preva-
lence of neoplasia which was reported several decades ago may be a function
of the severity of exposure rather than an indication of high carcinogenic
potency. I suspect that in the final analysis the carcinogenicity of asbestos will
be rated as of low order. Perhaps carcinogenicity will prove to be a correlate of
asbestosis rather than a specific biological function of the mineral asbestos. This
may be the crux of the matter. In all cases of asbestos-associated lung cancer
that I have personally studied (the number now exceeds two dozen), there
invariably was well-established asbestosis. Not only was the asbestosis of
marked degree in the areas where the cancer arose, but there generally was 
evidence from serial chest x-rays that asbestosis had been present in the lungs
for a protracted period. [p. 595]
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Ian Webster (77), who was J.C. Wagner’s brother-in-law and a well-
respected pulmonary pathologist, still stated that there were unsolved
problems in the relationship between asbestos and malignancy in a
paper he published in February 1973 in the South African Medical
Journal. Webster remained skeptical as to why this previously rare
tumor seemed to be found primarily only in direct relationship to cro-
cidolite exposure. Webster suggested that some other factor, possibly
mineral, must be present to explain the high incidence of mesothelioma
in a very localized area of South Africa. He looked at exposure to
asbestos and the association with 232 cases of pleural mesothelioma.
Almost all the individuals had been exposed to Cape Blue asbestos and
only two miners had been exposed to amosite as far as could be dis-
cerned. Thirty-two cases occurred where there was no evidence of any
asbestos exposure, presumably having environmental exposure. There
were only two cases related to exposure to amosite out of 232 confirmed
cases of mesotheliomas. He stated, “Furthermore, it is difficult to con-
ceive of amosite in the intermediate group of asbestos fibers causing
malignancy, as suggested by Wagner et al when there are so few cases
in the employees of the amosite mines.” He goes on to say, “The pro-
duction of amosite far exceeded that of Cape Blue asbestos. It is sug-
gested that more attention should be paid to the determination of the
nature of the substance of the Cape Blue areas and not in the Transvaal
Blue, and apparently limited to the areas where amosite is mined.” The
same opinion had been offered earlier, in 1969, by George Wright (78),
one of America’s most respected investigators in occupational pul-
monary disease, who in his review, “Asbestos and Health in 1969,”
stated, “That something other than, or in addition to, asbestos plays a
role in mesothelioma formation seems inescapable.” Wright accepted
asbestos as a cause of mesothelioma but felt there was a “tolerable level
of airborne asbestos fiber which does not cause an undue risk of devel-
opment of mesothelioma.” He later states that “the tolerable level was
substantial.”

The Role of Amosite and Chrysotile

In 1965 the polarization of expert opinion began between Irving
Selikoff and his Mount Sinai co-investigators, and the British and
largely European view on the role of chrysotile asbestos in causation
of mesothelioma versus crocidolite asbestos. Selikoff et al (62) stated,

American asbestos utilization differed to some extent from British and South
African experience in at least one important respect. Crocidolite is a relative
newcomer to the American asbestos-industry scheme. Thus American imports
of crocidolite (none mined here) were less than 500 tons in 1935 and reached a
level of only 20,000 tons even in 1962. In contrast, chrysotile, the type of
asbestos fiber widely used in the American asbestos industry, was imported at
a level of 165,000 tons in 1935 and 650,000 tons in 1962.

Later the authors stated, “If mesothelioma could be found with
increased frequency in association with asbestos in this country, it
would demonstrate that this tumor was another neoplastic hazard of
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asbestos exposure in general and not limited to one area or to one type
of asbestos.” How much of the incidence of mesothelioma in America
was due to amosite was unclear.

J.S. Harington (79) wrote a chapter on mesothelioma in the book The
Prevention of Cancer, edited by Raven and Rowe in 1967. He stated, “The
results of animal experimentation so far available suggests that croci-
dolite and chrysotile may be more active in inducing mesotheliomas
than amosite. If the present trend is confirmed, substitution in mining
and industry of amosite (for example, for the more dangerous types 
of asbestos where they cannot be safely used) may be a practical and
important preventative measure.”

In an unsigned editorial in Lancet published on March 5, 1966, the
author stated, “A possible important clue to prevention was just un-
covered by Wagner in South Africa, where after showing association
between mesothelial tumors and exposure to the crocidolite form of
asbestos, he and his colleagues were unable to find any tumors in those
exposed only to the amosite or chrysotile-types of fiber. The position
in South Africa remains the same, despite the continuing intensive
search in the amosite and chrysotile mining areas.” He goes on to say,
“Mesothelioma tumors have been seen in a few individuals apparently
exposed only to chrysotile in the United States and Canada, and other
populations, either industrial or residential, exposed only to one type
of fiber must now be investigated. This can be achieved only by inter-
national cooperation, because such exposures are almost entirely
limited to those engaged in mining and milling of the fiber, which is
done in the countries where the different types of asbestos are found.”
Selikoff et al (80) reviewed the results of a study of an asbestos insula-
tion manufacturing plant in Paterson, New Jersey, and published their
results in the Archives of Environmental Health in September 1972. In this
paper the authors pointed out “few data exist concerning the compar-
ative neoplastic potential in man of the several kinds of asbestos, and
particularly there has been no evidence concerning whether amosite
variety is carcinogenic. . . . Whether or not amosite is carcinogenic is of
some practical importance. Because this variety of asbestos has not
been reported to cause cancer, there has been a tendency in Great
Britain, for example, to substitute it for other types of asbestos, 
especially crocidolite.” Selikoff and coworkers went on to report an
increased incidence of lung cancer and mesothelioma in this plant,
where it was thought to be just a pure exposure to amosite asbestos.
While it was generally accepted in the United States that pure amosite
caused a high incidence of mesotheliomas and lung cancers, the paper
by Selikoff and coworkers was not well accepted abroad. McCullagh
(81) published a paper in the Journal of the Society of Occupational Med-
icine in 1980, “Amosite as a Cause of Lung Cancer and Mesothelioma
in Humans.” He pointed out that many of the Paterson, New Jersey,
cohorts studied by Selikoff had previous exposure to asbestos. He felt
that rather than one fiftieth of the group, it seemed more likely that one
third of the group or 300 members of the Paterson cohort had been
occupationally exposed to asbestos before entering the cohort. This 
is of import since crocidolite was being used in large quantities in
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asbestos factories in the same area. Selikoff had felt that very little 
crocidolite had been used in the shipyards and in the United States,
and therefore, if a mesothelioma developed, it was most likely related
to amosite since there was very little crocidolite exposure. In fact 
the monthly trade journal Asbestos mentioned the use of crocidolite 
and amosite asbestos in July 1919.

John Harington and Neil McGlashan (82) reviewed the destination
of South African exports of crocidolite and amosite asbestos as well as
chrysotile from 1959 until 1993, and the studies indicate that the United
States received a considerable amount of crocidolite asbestos up until
1992. This study and others have suggested there was more crocidolite
asbestos used in the United States than had been previously recog-
nized, and that the use of crocidolite asbestos is a major reason why
there was an increased risk of mesothelioma.

J.C. Wagner recapitulated his overview of the association between
blue asbestos and mesotheliomas in an article published in the British
Journal of Industrial Medicine in 1991. He reviewed his story of the dis-
covery of the association between asbestos and mesothelioma, and con-
cluded that there was evidence that all types of commercial asbestos
except anthophyllite may be responsible for a mesothelioma. He went
on to state, “The risk is greatest with crocidolite, less with amosite, 
and apparently less with chrysotile. With amosite and chrysotile there
appears to be a higher risk in the manufacturing than in mining and
milling. . . . There is overwhelming evidence that crocidolite is a main
fiber associated with mesotheliomas.” This has primarily been the
British view, and Raymond Parkes (83), in his classic book Occupational
Lung Disorders, 2nd edition, published in 1982, stated about mesothe-
lioma causation, “On present evidence its occurrence appears to be
closely, but not uniquely, related to crocidolite alone or a mixture of
fiber types in the distant past” (p. 276).

The most recent article relating to the historical crocidolite exposure
issue in the United States was by Langer and Nolan (84) entitled,
“Asbestos in the Lungs of Persons Exposed in the USA” and published
in Monaldi Archives of Chest Disease in 1998. In their appendix of croci-
dolite consumption in the United States, they pointed out that blue
asbestos for boiler and steam covering for locomotives was advertised
in trade journals, such as Engine, as early as 1897. The data from the
U.S. Department of Commerce reveals significant crocidolite importa-
tion in the 1920s and 1930s, and it included the spraying of crocidolite
in the form of Limpet up until 1966. The paper goes on to mention that
all three major fiber types were permanently used on ships, and croci-
dolite was extensively applied in warships in the United Kingdom.
International investigators outside the United States have interpreted
this to mean that crocidolite was also used aboard American ships, and
if mesotheliomas occurred among American insulation workers who
worked in military shipyards, this was indirect evidence of crocidolite
exposure. The authors went on to state, “Still other investigators 
suggested that British ships were re-outfitted in U.S.A. ports during 
the war, and they have been the source of crocidolite exposure to 
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American shipyard workers. This most certainly occurred and citations
in the literature support this.”

It seems ironic that 100 years earlier in 1870 the distinct pathologic
entity of pleural mesothelioma was postulated by one Wagner, and
then greatly advanced 100 years later by another physician named
Wagner whose contributions have propelled science into the next 
millennium.

Selikoff in hindsight also reviewed the literature on mesothelioma
and stated, “During the 1950s there were several reports of deaths in
asbestos workers caused by these diffuse tumors of the mesothelial sur-
faces. These isolated cases would have received little notice had it not
been for the fact that the tumor has always been considered extraordi-
narily rare. It is no longer rare amongst asbestos workers. Indeed, 
it is so common a cause of death amongst them now. While still rare
amongst individuals not known to be exposed to asbestos—it almost
constituted tumor specific to asbestos exposure.” Furthermore, writing
in 1988, Dr. Selikoff and coworkers (85) stated, “Nevertheless only in
the past 25 years has malignant mesothelioma been widely accepted as
an independent diagnostic entity.” These workers found 175 deaths
from mesothelioma occurred among 2221 men who died between 1967
and 1976, and 181 more deaths in the next 8 years for a total of 356
deaths from mesothelioma out a total of 3500 deaths from all causes by
1984; 134 of these were pleural and 222 were peritoneal mesotheliomas.

The history of the early years of mesothelioma discovery are an
example of how slowly the medical community accepts new discover-
ies. Acceptance was in part slowed by the lack of specific mesothelial
cell markers such as are available today to assure proper diagnosis;
experts disagreed among themselves as to the proper classification of
these tumors. As the frequency of these tumors increased, pathologists
made the diagnosis with more confidence and, as noted by Selikoff,
there was general acceptance of not only the criteria for diagnosis but
also the clear association with asbestos exposure by 1973. The role of
specific fiber types would have to await the results of further studies,
particularly lung fiber analysis by electron microscopy over the next 
30 years.
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2
Asbestos-Induced Mesothelioma

Maria E. Ramos-Nino, Marcella Martinelli, Luca Scapoli, and Brooke T. Mossman

Asbestos, a group of chemically and physically distinct fibers, is one of
the most notorious carcinogens in the lung and pleura. The National
Institutes of Health in 1978 estimated that approximately 11 million
individuals had been exposed to asbestos in the United States since
1940 (1). Although widely employed in World Wars I and II, the use of
asbestos has undergone major changes in recent decades, with severe
restrictions in most countries on amphiboles. In developed countries,
with the exception of Japan, asbestos production is controlled or
banned, while in developing countries, consumption has leveled off or
increased (2). Between the 1940s and 1970s, asbestos was utilized exten-
sively in insulation applications (primarily in the building construction
industry), and in asbestos-cement pipes. Current usage is generally
confined to chrysotile in four products: asbestos cement, friction mate-
rials, roof coating and cements, and gaskets. In 1992 approximately 28
million tons of asbestos-cement products were produced in approxi-
mately 100 countries (3).

Properties of Asbestos Fibers

Asbestos is a naturally occurring group of fibers, each with its own
unique structure and chemical composition (Table 2.1). There are two
subgroups: (1) the serpentine group, consisting of chrysotile; and 
(2) the amphiboles, a group of rod-like fibers including crocidolite,
amosite, tremolite, anthophyllite, and actinolite (4). Asbestos fibers are
ubiquitous in certain geographic areas and become problematic to
human health when they are inhaled. It is unclear how they get to the
pleura to cause mesothelioma.

Epidemiology of Asbestos-Induced Mesotheliomas

The most important causal factor for the development of human
mesothelioma is exposure to asbestos, primarily the amphiboles croci-
dolite and amosite. Malignant mesothelioma is presently a worldwide
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problem (5). Although mesothelioma is a rare disease, with an annual
incidence in the United States of 2000 to 3000 cases, a steady rise in
cases has been reported (6). In Europe, the incidence of malignant
pleural mesothelioma has risen for decades and is expected to peak
between the years 2010 and 2020 (7). In Germany, a study conducted
on 1605 patients in the mesothelioma register (1987–1999), found that
70% had a history of exposure to asbestos (8). In the United Kingdom,
asbestos reportedly accounts for some 600 cases of mesothelioma and
100 cases of bronchial carcinoma per year (9). The incidence of
mesothelioma has been rapidly increasing and is expected to increase
even more from the present total of 1300 to more than 3000 cases per
year. Exposure to fibers is associated with most of these cases (10).

The link between amphibole asbestos exposure and pleural mesothe-
lioma is the result of the pioneering work of Wagner and colleagues
(11), who found a relationship between the high incidence of the dis-
ease and people working at or living near crocidolite (blue) asbestos
mines, with intermediate levels of disease near amosite mines, and no
tumors in chrysotile miners.

Lung burden studies (see Chapter 1) have also confirmed that the
amphibole subgroup of asbestos (crocidolite, amosite) is the one more
strongly associated with the development of both malignant meso-
thelioma and lung cancers (12). In a recent study on 1445 cases of
mesothelioma in the United States, it was determined that commercial
amphiboles were responsible for most of the mesothelioma cases
observed (13). Chrysotile asbestos may produce mesothelioma in
humans, but the number of cases is small and the required exposures
large (12). Heavy exposures to chrysotile asbestos alone, or with neg-
ligible amphibole contamination, can cause malignant mesothelioma
and other lung cancers in humans (14), but studies evaluating worker
populations that are transient and may be exposed to different types
of fibers over a lifetime are difficult to interpret.

Some studies have implicated tremolite fibers as the likely etiologic
factor in mesotheliomas associated with chrysotile exposure (15–17).
However, others suggest that chrysotile does cause mesothelioma,
although it may be far less potent than amphibole asbestos (18).

Although the association between amphibole asbestos exposure and
the development of malignant mesothelioma is well documented (19),
available information suggests that other factors contribute to its etiol-
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Table 2.1. Types, composition and characteristics of asbestos fibers
Type Composition Source Morphology

Chrysotile* Mg6Si4O10 (OH)8 Northern hemisphere (U.S. and Curly, pliable
Canada)

Crocidolite Na2(Fe3+)2(Fe2+)3Si8O22(OH)2 South Africa, Western Australia Rodlike, durable
Amosite (Fe, Mg)7Si8O22(OH)2 South Africa Rodlike, durable
Anthophyllite (Mg, Fe)7Si8O22(OH)2 Finland Rodlike, durable
Tremolite Ca2Mg5Si8O22(OH)2 Exists in some deposits of Rodlike, durable

Canadian chrysotile
Actinolite Ca2(Mg, Fe)5Si8O22(OH)2 Not mined
* Only member of the “serpentine” family. Other types of asbestos are classified as “amphiboles.”



ogy. Some studies suggest that genetic factors may play an important
role in the etiology of the disease (20,21). Also, compelling multiinstitu-
tional studies suggest that SV40 tumor (T)-antigen (Tag) is present in a
large percentage of human mesotheliomas. Approximately 60% of
mesotheliomas in the United States are positive for SV40 Tag (22,23), and
possible mechanisms are discussed in other chapters of this volume (see
Chapter 3).

Properties of Asbestos Associated with 
Carcinogenic Potential

The carcinogenic potential of asbestos fibers has been linked to their
geometry, size, and chemical composition. Because of the increased
potential of long (>5mm) fibers to cause mesothelioma and fibrosis after
intrapleural or intraperitoneal administration to rodents (24), health
concerns for long respirable fibers [World Health Organization (WHO)
criteria: length >5mm, diameter <3mm] are considerable (25).

In addition to size, the chemical composition of fibers plays an im-
portant role in determining the durability, biopersistence, and biode-
gradability of asbestos types. The greater durability of amphiboles
compared to chrysotile appears to be one of the principal reasons for
their greater carcinogenic potential. Amphibole fibers persist at sites of
tumor development and may serve as stimuli for neoplastic growth of
cells (26,27). Studies on the retention of asbestos fibers in lung tissues
of asbestos workers show that concentrations of amphibole fibers
increase with durations of exposure, whereas chrysotile concentration
does not (28). Studies also indicate that the lung fiber content of amphi-
boles is less than that required for chrysotile in the induction of
mesothelioma (29). The persistence of the amphibole fibers at the site
of tumor formation is important to both tumor induction and promo-
tion because the mean latency period between initial exposure to
asbestos and the development of mesothelioma is around 30 to 40 years
(19,30).

Role of Reactive Oxygen and Nitrogen Species
(ROS/RNS) in Asbestos Bioreactivity

An important unresolved issue is whether asbestos fiber carcinogenic-
ity is through direct effects of asbestos on mesothelial cells or through
indirect mechanisms involving oxidative stress (31,32). A ramification
of interaction of long (>5mm) fibers with cells is frustrated phagocyto-
sis and a prolonged oxidative burst (Fig. 2.1) (33).

The increased durability and high iron content of the amphiboles cro-
cidolite and amosite also may contribute to their higher carcinogenic
potential through oxidants catalyzed by iron or surface reactions occur-
ring on the fiber. Iron-rich durable fibers such as crocidolite, which
contain as much as 36% iron by weight, also may have increased reac-
tivity because of the oxidation state of iron, i.e., increases in ferrous
iron, aiding in its chelation (34). The cytotoxicity of crocidolite fibers in
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human lung carcinoma cells is directly linked to iron mobilization and
is followed by increased ferritin synthesis, a perpetual feedback system
for uptake of iron by cells (35,36).

Studies on animal models and cell cultures have confirmed that
asbestos fibers generate ROS and RNS (19,32,37), and these effects may
be potentiated by the inflammation associated with fiber exposures
(38). Asbestos also activates redox-sensitive transcription factors such
as nuclear factor kappa B (NF-kB) (39) and activator protein-1 (AP-1)
(40), which lead to increased cell survival, inflammation, and, para-
doxically, the upregulation of antioxidant enzymes such as manganese
superoxide dismutase (38). This enzyme is also overexpressed in
asbestos-related mesotheliomas (41,42), rendering them highly resis-
tant to oxidative stress in comparison to normal mesothelial cells.
Moreover, its overexpression prevents cell injury by asbestos (43). In
human pleural mesothelial cells in vitro, crocidolite asbestos causes
oxidative stress and DNA single-strand breaks (44), but these are not
exacerbated by pretreatment with inhibitors of antioxidant enzymes.

Other studies have demonstrated overexpression of enzymes related
to oxidative stress, such as cyclooxygenase-2 (COX-2), inducible nitric
oxide synthase (NOS-2) (45,46), and endothelial nitric oxide synthase
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Figure 2.1. Scanning electron microscopy showing phagocytosis of long
asbestos fibers by alveolar macrophages.



(eNOS) in malignant mesotheliomas (47). Thioredoxin, a small redox-
active protein reduced by the selenoprotein thioredoxin reductase and
reduced nicotinamide adenine dinucleotide phosphate (NADPH), is
associated in other models of cancer with cell growth and differen-
tiation and is also overexpressed in mesothelioma cells. This protein
might be a factor governing the poor prognosis of mesotheliomas 
and their reduced responsiveness to conventional therapies (48). Over-
expression of gamma-glutamylcysteine synthetase, a rate-limiting
enzyme in glutathione-associated pathways, could also play an im-
portant role in the primary drug resistance of mesotheliomas (49). 
Catalytically active 5-lipooxygenase could also be involved in the reg-
ulation of proliferation and survival in mesotheliomas via a vascular
endothelial growth factor (VEGF)-related circuit (50).

Cytogenetic Changes by Asbestos Fibers in 
Mesothelial Cells and Mesotheliomas

Chromosomal changes and cytogenetic responses to asbestos have
been observed in rodent and human mesothelial cells in culture
(51–53). Although human mesothelial cells may be more sensitive to
the cytotoxic effects of asbestos than bronchial epithelial cells or fibro-
blasts (52), it is unclear whether individual sensitivity to asbestos fibers
is due to specific genetic traits. For example, the glutathione-S-trans-
ferase M1 (GSTM1) genotypes of patients with mesothelioma suggest
that the lack of the GSTM1 gene does not render human mesothelial
cells more sensitive to chromosomal damage by amosite asbestos
fibers. However, GSTM1 null cells are more susceptible than GSTM1-
positive cells to growth inhibitory effects of fibers (54).

A complex profile of somatic genetic changes has been revealed in
human malignant mesotheliomas. These changes implicate a multistep
process of tumorigenesis. The occurrence of multiple, recurrent cyto-
genetic deletions suggests that loss or inactivation of tumor suppressor
genes are critical to the development and progression of mesothelioma.
Deletions of specific regions in the short (p) arms of chromosomes 1, 3,
and 9 and long (q) arms of 6, 13, 15, and 22q are repeatedly observed,
and loss of a copy of chromosome 22 is the single most consistent
numerical change (55).

Relatively little is known about the early changes in the genesis of
mesothelioma. Of the known cytogenetic changes, the most frequent is
loss of p16/CDKN2A-p14ARF at 9p21(by homozygous deletion) (56),
adversely affecting both Rb and p53 pathways, respectively. NF2
(merlin), a tumor suppressor located at 22q12 (by an inactivating muta-
tion coupled with allelic loss) is also frequently altered in mesothe-
liomas (57–60). Other conventional proto-oncogenes and tumor
suppressor genes have been investigated including N-ras (61), Ha- and
Ki-ras (62), and the tumor suppressor gene p53, but no consistently fre-
quent mutations have been found (61–63).
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Cell Signaling Pathways, Growth Factors, 
and Early Response Proto-Oncogenes

The studies cited above suggest that cell proliferation by asbestos may
play a more critical role in the promotion and progression of mesothe-
liomas. Carcinogenesis was classically thought to be a proliferation-
driven process. However, it is now recognized that neoplastic growth
is an imbalance between apoptosis and proliferation. In support of this
concept, a dynamic balance between apoptosis and cell proliferation 
is observed in mesothelial cells exposed to crocidolite asbestos (64).
Studies in vitro indicate that asbestos can induce apoptosis in mesothe-
lial cells through formation of ROS (65,66) and mitochondrial pathways
(31,67).

Malignant mesothelioma (MM) routinely expresses the antiapoptotic
protein Bcl-xl and the proapoptotic proteins Bax and Bak. Moreover,
antisense oligonucleotides against Bcl-xl engender apoptosis in meso-
thelioma cell lines (68). Inhibitor of apoptosis protein-1 (IAP-1) pro-
motes mesothelioma cell survival, whereas reduced IAP-1 results in
increases in apoptotic pathways and reduced resistance to chemother-
apeutic drugs (69).

Cell signaling pathways induced by asbestos through receptors on
the cell surface trigger early-response proto-oncogenes, activation of
transcription factors such as AP-1, and AP-1–dependent gene expres-
sion (40,70).

Studies in our group have found that the epidermal growth factor
receptor (EGFR) is an important target of asbestos. This growth factor
is required for proliferation of human mesothelial cells (71), and is pro-
duced in an autocrine fashion in mesotheliomas (72). Autophosphory-
lation of the EGFR occur in mesothelial cells after in vitro exposures to
asbestos. Moreover, aggregation and phosphorylation of the EGFR by
long fibers initiates cell signaling cascades linked to asbestos-induced
injury and mitogenesis (73,74). Increased expression of EGFR in rat
pleural mesothelial cells correlates with the carcinogenicity of mineral
fibers (75).

We have also shown that the EGFR is causally linked to activation of
the mitogen-associated protein kinase (MAPK) cascade and increased
expression of the proto-oncogenes c-fos and c-jun (73,76). Expression of
both Fos and Jun family members (components of the transcription
factor AP-1 complex) is required for transition through the G1 phase
and entry into the S phase of the cell cycle (70). Moreover, overexpres-
sion of c-jun induces cell proliferation and transformation (77). Most
recently, extracellular signal-regulated kinase (ERK-1/2)–induced 
activation by asbestos has been linked to the induction of Fra-1, an
important component of the AP-1 complex that is causally related to
anchorage-independent growth in mesothelioma (41). Complementary
DNA (cDNA) microarray analyses have shown increased expression of
c-myc, egfr, and fra-1 in rat mesotheliomas (78).

Other growth factors and their receptors also are important in malig-
nant mesothelioma including transforming growth factor-a (TGF-a),
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which binds to the EGFR (79). Although normal mesothelial cells,
asbestos-transformed mesothelioma cells, and spontaneously trans-
formed mesothelial cells express functional EGFR (55), only cell lines
derived from asbestos-induced mesotheliomas express and secrete
TGF-a, which binds to the EGF receptor with high affinity. In addi-
tion, TGF-a acts as an autocrine growth factor for asbestos-induced
mesotheliomas, and their growth is inhibited with use of a neutraliz-
ing TGF-a antibody (79). Insulin-like growth factor-II, which functions
as an autocrine growth factor in normal mesothelial and mesothelioma
cells (71,80), and its corresponding receptor also are important in pro-
liferation of mesothelioma cells (81).

Platelet-derived growth factor (PDGF) (82) may also be an autocrine
growth factor for human mesothelioma cells as both PDGF A- and 
B- chain messenger RNAs (mRNAs) are expressed at higher levels in
mesothelioma as opposed to normal mesothelial cell lines (83), and
PDGF-like mitogenic activity is observed using mesothelioma cell 
line–conditioned medium (84). Transforming growth factor (TGF)-b1,
responsible for regulatory functions in many pathologic processes
including pleural fibrosis, increases pleural fluid formation in part by
stimulating production of VEGF, a regulator of pleural inflammation
and cell proliferation (85); VEGF is important in vascular permeability
and pleural effusion formation as well as growth of mesothelioma cells
(86,87).

Increased levels of hepatocyte growth factor (HGF) and keratinocyte
growth factor (KGF), known growth factors for mesothelial cells, have
been detected in pleural lavage fluids of patients (88). Although HGF
is produced in general by mesenchymal cells, recent work by Cacciotti
and colleagues (87) shows that the HGF receptor Met, a proto-onco-
gene product whose activation leads to cell growth and altered mor-
phogenesis, is activated in SV40-positive human mesothelioma cells.
Also, high expression levels of c-met have been detected in rat mesothe-
lioma cells and are fra-1 dependent (89).

Effects of Asbestos on Extracellular Matrix

Malignant mesotheliomas exhibit elevated amounts of hyaluronan, and
hyaluronan synthesis enhances cell proliferation, anchorage indepen-
dent growth and cell migration in a number of tumor types (90). The
hyaluronan receptor gene cd44 is detected in high amounts by oligonu-
cleotide microarray analysis of human and rat mesothelioma cell lines
and may play a role in mesothelial cell motility and migration (89).
Other extracellular components such as fibrin deposition via increased
expression of tissue factor (TF) may play a role in pleural injury or 
neoplasia (91). In a study on 16 patients in whom matrix metallopro-
teinases (MMP)-1, -2, -3, -7, and -9 and tissue inhibitors -1 and -2 were
evaluated, MMP-1 and -2 were related directly to invasion and spread
of pleural malignant mesothelioma (92).
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Conclusion

The reports cited in this chapter provide much insight into mechanisms
of asbestos-induced mesotheliomas and the properties of amphibole
asbestos fibers that initiate injury and compensatory mesothelial cell
hyperplasia. The chemical composition of these fibers and their dura-
bility at sites of tumor development may induce chronic activation of
cell signaling pathways and transcription factors linked to expression
of a number of genes critical to tumor initiation, promotion, progres-
sion, and angiogenesis (Fig. 2.2). Many of these pathways have been
reported after infection of human mesothelial cells with SV40 (72).
Regardless of their etiology, since human mesotheliomas appear to
have a number of autocrine growth factor pathways governing pro-
liferation, a focus on common downstream signaling molecules is
merited in prevention and therapy of mesotheliomas.
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3
SV40-Mediated Oncogenesis
Maurizio Bocchetta and Michele Carbone

Simian virus 40 (SV40) was first isolated in 1958 among other simian
viruses from contaminated polio vaccine preparations, which were
inadvertently administered to millions of people in different countries
from 1954 to 1963. Soon after SV40 was introduced to the scientific com-
munity (1) its capabilities to induce different forms of cancer in exper-
imental animals were recognized (2,3). However, epidemiology failed
to establish a conclusive link between the administration of SV40-
contaminated polio vaccines to humans and the development of cancer
(4–8). Because epidemiology was inconclusive, SV40 has been consid-
ered for many years to be harmless to humans. From the 1970s,
throughout the 1980s, and until recently, SV40 has been utilized mainly
as a tool to understand key molecular processes such as DNA replica-
tion, splicing, and translation in mammalian cells. It has also been
widely used to uncover the process of the cell cycle control because of
the interaction of its major oncogenic protein products with critical
tumor suppressor gene pathways of the cell. Indeed, the SV40 onco-
genes have probably been the most commonly used tools to experi-
mentally immortalize or transform rodent and human cells, mainly
fibroblasts. Occasional screening of human tumors suggested that SV40
could participate in the development of human cancer (9–15).

The interest concerning the association of SV40 with certain human
malignancies (specifically, malignant mesothelioma, tumors of the
brain and bone, and non-Hodgkin’s lymphoma) and the possible
causative role of SV40 in the onset of these forms of cancer has vigor-
ously resurfaced during the past decade (reviewed in refs. 16 and 17).
This has been caused by the development of new molecular techniques
that now allow investigators to better study the presence and the bio-
logic effects of viruses in infected cells. The wealth of experimental data
accumulated over the recent past conclusively associates SV40 with
human tumors, especially with malignant mesothelioma (16,18,19). A
recent meeting of the National Academy of Science, Institute of Medi-
cine (IOM) concluded that SV40 is a “strong” carcinogen, and that there
is “moderate evidence” that SV40 causes some human tumors (20). 
This was emphasized by the recognition that previous epidemiologic
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studies were flawed and could not provide any conclusive indication
regarding the potential oncogenicity of SV40-contaminated poliovac-
cines. The IOM has also concluded that the experimental evidence
available so far suggests that SV40 may be transmitted among humans,
and that SV40 can cause cancer in humans under natural conditions.

This chapter reviews the virology of SV40, discusses the association
of SV40 with human malignant mesothelioma, and describes the inter-
actions that SV40 establishes with human mesothelial cells, since these
cells are uniquely susceptible to SV40 transformation and immortal-
ization (21).

SV40 Genomic Organization, Gene Transcription, and
Cycle of Infection

The genome of SV40 is a small, circular double-stranded DNA mole-
cule. The genome of SV40 strain 776 (also called reference strain, or
wild-type SV40) is composed of 5243 base pairs (bp). Different strains 
of SV40 exist, all sharing a very high level of DNA sequence conser-
vation, with the exception of the transcriptional enhancer region, 
the very C-terminal portion of the SV40 major oncoprotein (22), and 
the intron of the early transcripts (23). Aside from differences in the
enhancer region, the following description of the genomic organization
applies to all SV40 strains. At least six virally encoded protein products
are translated in permissive host cells through alternative splicing and
translation of overlapping reading frames of the SV40 messenger RNAs
(mRNAs). The SV40 genome is organized in three regions: a regulatory
region (that includes the viral origin of replication and a bidirectional
promoter), a region including the early genes, and a region comprising
the late genes. The early and late genes extend in opposite directions
with respects to the regulatory regions (Fig. 3.1). The denominations
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Figure 3.1. Genomic map of simian virus 40 (SV40).



“early” and “late” reflect the order of their transcription/synthesis in
the host cell after SV40 infection. SV40 enters the cells after interaction
with its receptor [major histocompatibility complex (MHC) class I] (24,
25) on the plasma membrane, and it is internalized within the cytoplasm
through a specific endocytosis pathway (caveole) (26). It is then traf-
ficked into the nucleus by means of the interaction of the importin a2/b
heterodimer with an SV40 capsid protein (VP-3) (27). It is still unclear
where the viral genome is released from its protein envelope. Once
within the nucleus, the SV40 early genes are transcribed. The early
mRNAs (the precise transcription initiation sites of both the early and
late mRNAs vary over a number of positions) contain a 347 bases intron
that can be alternatively spliced giving rise to two classes of mRNA (28).
Translation of these two types of mRNAs produce two proteins: the
large-tumor antigen (or Tag), and the small-tumor antigen (or tag).
Overall, the early SV40 mRNAs represent a small fraction of the total
RNAs in infected cells, and early genes mRNAs and protein products
can be detected in freshly infected cells using only very sensitive
methods (29). The ratio between Tag-encoding mRNAs and tag-
encoding mRNAs varies in different cell types, and it has been studied
only in vitro. In HeLa cell extracts the Tag : tag mRNA ratio is about 
100 :1 (30). To summarize, the SV40 early genes exert their function 
even though they are synthesized at very low levels in infected cells.

The SV40 Tag and tag interact with a number of cellular proteins
(these activities are discussed below), and the end result of these con-
certed activities is driving the host cell into the S phase so that the viral
genome can be replicated. Tag is required for the replication of the SV40
circular chromosome. Tag binds as a double hexamer to the SV40 origin
of replication (31) where it interacts with the host’s DNA polymerase
a-primase to initiate DNA replication (32). Tag also has DNA helicase
activities that play an important role in the SV40 chromosome replica-
tion process (33).

As previously stated, the SV40 regulatory region contains a bidirec-
tional promoter. This means that the regulatory region can promote
transcription of both the early and late genes. During the early stages
of infection, however, transcription of the late genes does not take place
because of the binding of transcriptional repressors at sites located in
the proximity of the late mRNAs transcription initiation site. These
transcriptional repressors belong to the steroid-thyroid hormone recep-
tor superfamily (34,35). During SV40 DNA replication these repressors
are progressively titrated-off from the late promoter, so that transcrip-
tion of the late genes can take place. The binding of Tag to the regula-
tory region also enhances the latter process, since Tag represses the
transcription of its own mRNA and promotes transcription of the late
gene mRNAs (36). Efficient synthesis of the late gene mRNAs marks
the beginning of the late SV40 cycle of infection during which large
amounts of the viral capsid proteins are produced. The late mRNAs
also arise from alternative splicing of the same family of transcripts.
Two major classes of late mRNAs are produced: the 16S and 19S
mRNAs [the classification derives from the migration of these mole-
cules in sucrose gradients (29)]. The 16S mRNAs code for VP-1, which
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is the major SV40 capsid protein, while the 19S mRNAs code for the
agnoprotein, VP-2 and VP-3. VP-2 and -3 are less abundant capsid pro-
teins but play an essential role in the SV40 packaging process (37,38).
VP-3 has also been shown to interact with basal cellular transcriptional
factors that repress transcription of the early genes and enhance the
completion of the SV40 infection cycle (39). The function of the small
agnoprotein is still unclear. Its perinuclear localization suggests that it
may participate in nuclear trafficking of SV40 capsid proteins (40, 41).
Recent studies have indicated that during JCV infection ( JCV is a
human polyomavirus closely related to SV40) the agnoprotein may
interact (directly or indirectly) with Tag and contribute to the tran-
scription regulation of JCV (42). Furthermore, JCV agnoprotein can
inhibit cell cycle progression by binding to cellular p53 and thus
increasing the expression of the cyclin-dependent protein kynase
(CDK) inhibitor p21WAF (41). Whether the SV40 agnoprotein has similar
biologic activities has not been investigated.

The late phase of SV40 infection is characterized by a massive pro-
duction of capsid proteins that accumulate in the nuclei of infected
cells. A large number of viral particles are assembled, and the host cell
is eventually lysed, with consequent release in the extracellular envi-
ronment of infectious SV40 particles (Fig. 3.2). Therefore, SV40 manip-
ulates the host’s cell cycle to ensure replication of its own DNA
genome. Malignant transformation of the host is not required for
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Figure 3.2. Large perinuclear vacuoles in an African green monkey kidney cell
infected with SV40. The cell was immunostained using an antibody specific for
the SV40 Tag. Original magnification: 200¥.



SV40’s life cycle, and the most common outcome of SV40 infection is
the lysis of the infected host. However, SV40 uses two extraordinarily
powerful oncoproteins to undermine the host’s cell cycle checkpoints,
and, if anything goes wrong with the SV40 lytic pattern of infection,
any mammalian cell containing SV40 may undergo malignant trans-
formation. The entity of such risk varies between different cell types.
As a whole, in vitro SV40-infected human cells from different tissues
display a mixture of cytopathic and transformed phenotypes. This
characteristic pattern of infection of human cells by SV40 led some
investigators to call SV40 infection of human cells “semipermissive”
(43).

Susceptibility to SV40 Infection and 
SV40-Mediated Transformation

The in vitro outcome of SV40 infection critically depends on the species
and cell type of the host. Traditionally, cells are classified as permis-
sive, nonpermissive, and semipermissive to SV40 infection (reviewed
in ref. 16). Prototypes of permissive cells are those derived from African
green monkey kidneys. These cells are uniformly infected by SV40, 
synthesize large amounts of viral particles, and display a typical 
pathologic morphology after SV40 infection characterized by large 
perinuclear vacuoles (Fig. 3.2) when the SV40 titer reaches about 107

median tissue culture infective dose (TCID)50/mL in the tissue culture
medium (44). SV40-infected African green monkey kidney cells invari-
ably undergo cell lysis in vitro, and SV40-mediated malignant cell
transformation in these populations, although theoretically possible,
must be an extremely rare event. During the past decade we have
infected a substantially large number of African green monkey kidney
cells with different strains of SV40 and we have never observed cell
survival after SV40 infection. Cell lysis, of course, prevents malignant
transformation.

Nonpermissive cells, such as rodent cells, on the other hand, do not
allow the replication of the SV40 genome. In rodent cells the SV40 Tag
does not properly interact with the host’s DNA polymerase a primase,
and thus it is unable to initiate the replication of the SV40 chromosome
(45). Nevertheless, the SV40 oncoproteins are still capable of driving
the host cell into the S phase and eventually into mitosis, but the
outcome of this process is a sort of abortive transformation, since the
SV40 DNA cannot replicate and is not propagated in the dividing cells.
Therefore, SV40 can transform rodent cells only after integration of its
genome in the host’s chromosomes in such a way that the integrity of
the SV40 early genes and their expression are preserved. Integration is
rather infrequent. For example, the average rate of cell transformation
of mouse fibroblasts after SV40 infection is about 10-7 (46). This rela-
tively low frequency of transformation mainly reflects the infrequency
of proper integration of the SV40 genome into the host’s genome, and
does not imply that SV40 is a poor oncogenic factor in rodent systems.
In fact, nearly 100% of artificially engineered transgenic mice express-
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ing the SV40 oncoproteins develop tumors. If the SV40 regulatory
region drives the expression of the SV40 oncoprotein in these animals,
mice develop brain tumors (47). However, tissue-specific expression of
the SV40 early genes in transgenic mice has led to the development of
in vivo tumor models for virtually all tissues (48–50). Altogether, these
experimental evidences demonstrate that the SV40 tumor antigens are
exceedingly potent cancer-inducing agents in rodents.

Human cells are traditionally described as semipermissive to SV40
infection (43). This term has been used to emphasize different features
of human cells infected with SV40, and it reflects the variance in sus-
ceptibility to SV40 infection of human cells derived from different
tissues (21,51–54). SV40 grows efficiently in some human cells, such as
newborn kidney cells (55) and spongioblasts (54), but it grows poorly
in cells from other tissues (56). Despite these differences, a unifying
feature of human cells exposed to SV40 in vitro is that only a fraction
of the cell population supports SV40 infection at any given time, while
a substantial percentage of exposed cells is apparently unaffected
(reviewed in ref. 16). The molecular basis of this situation is still rather
undefined. Early studies indicated that SV40 enters all human cells
after exposure, but that the cellular environment plays a pivotal role 
in determining whether SV40 will produce a productive infection or
not (57,58). Therefore, only a fraction of human cells exposed to SV40
in vitro express the SV40 early genes, replicate SV40 DNA, produce
viral particles, and undergo SV40-mediated cell lysis at any given time.
Accordingly, only a small percentage of human fibroblasts exposed to
SV40 expresses Tag 48 hours after infection, actively replicates the SV40
chromosome, and assembles viral particles (Fig. 3.3), an event that
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Figure 3.3. Electron microscopy displaying complete SV40 viral particles accu-
mulating in an infected human fibroblasts. Original magnification: 20,000¥.



eventually leads to SV40-induced cell lysis, with consequent release of
SV40 viral particles in the medium (Fig. 3.4). This equilibrium seems
to be maintained in human fibroblast cultures over several weeks after
SV40 introduction into the cell population (21). SV40 does not trans-
form human fibroblasts because the viral cytotoxic effects are predom-
inant, and SV40 lyses the cells that support its transcription and
replication. The notion that SV40-mediated cell death represents the
reason why human fibroblasts are not permanently transformed after
SV40 infection is supported by transfection experiments. Introduction
into human fibroblasts of SV40 genomes mutated in their origin of
replication gives rise to the production of malignantly transformed
clones. In the latter scenario, the rodent nonpermissibility to SV40 is
artificially reproduced in human cells because of mutations in the SV40
origin of replication that do not allow replication of the SV40 chromo-
some. In these conditions the frequency of cell transformation of
human fibroblasts closely approaches that of mice fibroblasts (rate of
transformation of about 10-7) (21). Because of the difficulty of trans-
forming human cells by natural infection, most of the studies concern-
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Figure 3.4. Electron microphotograph showing a SV40-infected human fibro-
blast undergoing SV40-mediated cell lysis. Note the small darker particles 
representing complete SV40 viruses. Original magnification: 7000¥.
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Figure 3.5. Different patterns of SV40 infection. Top: Nonpermissive rodent
cells. In these cells SV40 DNA cannot be replicated, thus SV40 DNA can only
be retained in dividing rodent cells if integrated into the host’s genome. Inte-
gration of the SV40 DNA preserving the early genes integrity and expression
may lead to cell transformation. Middle: Permissive monkey and human cells.
In these cells SV40 DNA is mainly in episomal form; it replicates and leads to
the formation of a high number of SV40 viral particles that kill the host. Bottom:
Human mesothelial cells. In these cells SV40 DNA is in episomal form; it repli-
cates, but viral particle formation is compatible with survival of the host. In
these conditions SV40 causes a very high frequency of cell transformation
without the need of the integration of the SV40 DNA in the host’s genome.

ing SV40-mediated transformation of human cells have been con-
ducted using transfection of replication defective SV40 genomes. Since
stable transfection requires, similarly to the nonpermissive host, inte-
gration into the host’s genome, it was erroneously assumed that SV40-
mediated transformation of human cells required the integration of 
the SV40 genome in the human cellular DNA (Fig. 3.5).

The SV40 Oncoproteins

As mentioned above, the SV40 genome is rather small. For this reason
SV40 must rely mainly on cellular genes to complete its life cycle. 
Nevertheless, SV40 needs to manipulate the host’s cell cycle to ensure



the replication of its DNA. Despite its intrinsic “economy” limitations,
SV40 has evolved effective subversive proteins that target both nuclear
and cytoplasmic activities. Deregulation of nuclear activities is
achieved by Tag, while deregulation of cytoplasmic activities is left to
the SV40 tag. Tag is probably one of the most multifunctional proteins
in nature, since it participates in DNA, RNA, and protein–protein inter-
actions to ensure SV40 replication and transcription. Tag also engages
in a number of interactions with host’s cell proteins aimed at the 
deregulation of the host cell cycle. Tag binds and inactivates the two
major tumor suppressor pathways of the cell, p53 (59,60) and pRb
protein family (59,61,62). Through these interactions Tag simultane-
ously knocks out the two most critical cellular networks controlling
G1/S transition and possibly G2/M checkpoints (63–65). Through the
inhibition of p53, Tag also impairs the major cellular control of genomic
stability and apoptosis program (reviewed in ref. 62). Furthermore, the
SV40 Tag binds and affects the functions of a number of cellular pro-
teins all involved in protein folding, transcriptional regulation, cell
cycle progression, and stability of the genome. So far, the known cel-
lular proteins that interact with Tag include (besides p53 and pRb
protein family) the transcriptional coactivator p300 and its closely
related p400 (66,67), the mammalian homologue of heat shock protein
(Hsc)70 (reviewed in ref. 68), the DNA binding protein kin17 (69), TATA
binding protein (TPB) and TFII-D complexes (70), cyclin A/p33CDK2
complexes (71), and possibly others. It is reasonable to anticipate that
the list of cellular proteins interacting with the SV40 Tag will expand
with further investigations. Probably, we still have an insufficient inter-
pretation of the net result of all these interactions. However, the known
outcomes of SV40 introduction in a host cell include induction of the
insulin-like growth factor (IGF)-I and its receptor (72,73), induction of
cyclin A (74) and the cyclin-dependent kinase cdc2 (75), and promotion
of chromosomal instability (76,77). More recent studies (see below)
have indicated that Tag participates (at least in some human cell
systems) in the induction of met signaling (78), telomerase activation
(79), RASSF1A repression (80), and Notch-1 induction (81). To summa-
rize, Tag affects nuclear functions through transcriptional transactiva-
tion, protein inhibition, and direct binding of Tag to the host DNA. The
outcomes are aimed both at the inhibition of cell cycle checkpoints (p53
and pRbs interactions) and at the induction of proteins involved in the
promotion of cell cycle (cyclin A, cdc2). At the same time, Tag indirectly
provides critical survival signals to the cell through the IGF-I pathway,
which may play an essential role for circumventing apoptosis during
the early phases of SV40 infection.

Tag has a J-domain in its N-terminal region that mediates its binding
to Hsc-70. Mutational analyses have revealed that the majority of Tag
functions require an intact J-domain, suggesting that Hsc-70 may play
a critical role in the execution of Tag activities (82). In mouse cells, the
minimal fragment of Tag sufficient for cell transformation includes 
the J-domain and a region (amino acids 102–115) responsible for Tag
binding to pRb protein family (82,83). On the other hand, mutant Tag
molecules missing the N-terminal J-domain are virtually inactive.
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These observations have suggested that the SV40 Tag may function
essentially as a molecular chaperone through its interaction with Hsc-
70 mediated by the Tag J-domain (82,84). It is possible that Tag may
interfere with a number of cellular protein functions by modifying their
conformation, thus operating as a sort of nuclear chaperone specific for
a number of substrates. This would explain why Tag profoundly affects
many cellular pathways though being expressed at very low levels in
early-infected cells (29).

The functions of Tag are implemented in the cytoplasm by the SV40
tag. The latter is a small protein consisting of 174 amino acids. The first
82 residues of tag are identical to those of Tag; therefore, both SV40
oncoproteins share the same J-domain (reviewed in ref. 68). Down-
stream from the J-domain there are sequences that mediate tag inter-
action with cellular protein phosphatase 2A (PP2A) (85). Functions of
the SV40 tag include transactivation (and transrepression) of cellular
and viral promoters and inhibition of PP2A (reviewed in ref. 86). The
latter represents the best known function of tag. PP2A dephosphory-
lates a number of cellular proteins including components of the
mitogen activated protein kinases (MAPKs). The latter proteins are
involved in the phosphorylation cascade that mediates the signal trans-
duction pathway common to several growth factor receptors. PP2A
exists as a heterotrimer of B, A, and C subunits. The SV40 tag binds
PP2A trimer and displaces the B subunit, with consequent reduction of
PP2A activity (86). Thus, through its inhibition of PP2A, tag indirectly
reinforces mitogenic stimuli by intensifying MAPK signaling, an event
that leads to activating protein (AP)-1 induction (87), and transcrip-
tional induction of the key cell cycle regulators cyclin D1 (88). The
resulting effect of the SV40 tag is to amplify the activities of Tag, 
especially during the first phase of SV40 infection (reviewed in ref. 
86). Nevertheless, tag is capable of inducing S-phase entry indepen-
dently from Tag in certain cell systems and, more importantly, its func-
tions are required for SV40-mediated transformation of human cells
(86).

SV40 and Apoptosis

The mechanisms through which SV40-containing cells escape apopto-
sis are still controversial. In theory, Tag should possess both pro- and
antiapoptotic activities. Tag binds and inhibits p53; thus it should sup-
press p53-dependent apoptosis. On the other hand, binding of Tag to
pRb causes the release of E2F-1, which is a potent inducer of apoptosis
(89,90). However, the experimental data gathered so far complicate this
probably oversimplistic model of Tag interaction with proteins that reg-
ulate apoptosis. In fact, Tag promotes p53-dependent apoptosis in rat
embryonic fibroblasts exposed to genotoxic chemicals (91). A Bcl2-like
domain has been identified in Tag, and this domain works in protecting
certain cells from apoptosis (92). These observations suggest that Tag
may affect the intrinsic pathway of apoptosis directly by means of its
Bcl2-like domain. Yet, the actual significance of this domain is rather
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obscure. As an example, Tag-induced enhancement of p53-dependent
apoptosis induced in rat embryo fibroblasts after exposure to genotoxic
chemicals appears completely unaffected by mutations in the Bcl2-like
domain (91). We have recently shown that SV40 infection induces
Notch-1 (81). Notch-1 is a highly pleiotropic protein that regulates crit-
ical cell fate decisions during development and differentiation in a wide
spectrum of Methazoan (93). Among other functions, Notch-1 acts as an
antiapoptotic protein in murine erythroleukemia cells (94). Thus, it is
possible that activation of Notch-1 signaling may participate in preven-
tion of apoptosis in SV40-containing cells, and this hypothesis is now
being tested in our laboratory.

Tag seems to protect liver cells apoptosis mediated by Fas. However,
in this system Tag apparently does not affect the expression levels of
Fas itself; rather, it enhances a protective mechanism involving the
protein kinase C signaling pathway (95), thus implicating tag in this
process. One study supports this interpretation and indicates that
expression of the tag alone in transgenic mice is sufficient to confer liver
cells resistance to CD95-mediated apoptosis (96). Furthermore, tag pro-
tects from apoptosis rat embryo fibroblasts harboring mutations in the
Tag (97). Indeed, the SV40 tag is potentially an antiapoptotic protein.
By means of its inhibition of PP2A, tag should reinforce survival signals
acting through the protein kinase B/Akt signaling pathway. Akt phos-
phorylates and inhibits a number of components of the cell death
machinery, including BAD, pro-caspase 9, and MDM2 (reviewed in ref.
98). Nevertheless, the outcomes of tag functions on apoptosis are rather
controversial as well. In fact, tag induces apoptosis in human osteosar-
coma cells through a p53-independent mechanism (99).

Overall, it is probably reductive to clearly identify pro- or antiapo-
ptotic functions of any of the SV40 oncoproteins. All cellular oncogenes
share activities that induce cell proliferation and apoptosis. It is now
recognized that the proliferative and apoptotic pathways are coupled,
and that the role played by survival factors in completing proliferation
versus programmed cell death choices can be critical (100). In this light,
induction of the IGF and hepatocyte growth factor (HGF) pathways by
SV40 may be the key in understanding the overall avoidance of apo-
ptosis in SV40-infected cells (which express the entire SV40 genome
and not just portions of the SV40 genome, as most of the systems
described above). The recent finding that Tag translocates the IGF-I
receptor substrate in the nucleus (101) further underscores the inter-
twined relation between SV40 and survival signals acting through the
IGF pathway.

SV40 Transformation of Human Cells

Human cells from diverse tissues have been transformed using SV40
or the SV40 oncoproteins (59). Among cells of different tissue origin,
fibroblasts are the most thoroughly investigated human cell type for
SV40-mediated transformation in vitro. Most of the studies have been
performed using replication-defective SV40 mutants to avoid SV40-
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induced cell death. In these stable transfections, SV40 increases the
fibroblasts’ proliferative potential of 20 to 30 cell doublings, without
conferring tumorigenicity in immunocompromised mice. Then the
transformed population enters the so-called crisis characterized by cell
growth arrest and senescence that ultimately causes apoptosis in most
of the cell population (102). Occasional cells escape senescence and give
rise to immortal clones (103,104). In conclusion, in the conditions
described above (transfection of the SV40 early region), SV40 inhibi-
tion of the p53 and pRb pathways is insufficient to prevent crisis.

The discovery of telomerase and its role in cellular immortalization
has provided a better understanding of the process of malignant trans-
formation of the cell (reviewed in ref. 105). Telomerase is an RNA-
protein complex that ensures the maintenance of the length of
chromosome ends (telomeres). One of the protein components of
telomerase (TERT) is a reverse transcriptase that uses the RNA com-
ponent of the telomerase complex as a template to add tandem repeats
of a short sequence (TTAGGG in mammals) at the chromosome ends
(105). Human somatic cells do not express TERT. In the absence of
telomerase activity the ends of chromosomes shorten at every cycle of
cell division because of the intrinsic mechanism of DNA replication.
The cell has evolved a sensitive network controlling the length of
telomeres. This is necessary because progressive shortening of telo-
meres eventually leads to dramatic chromosomal instability. Therefore,
telomeres function as a sort of “hourglass” for cell division: when
telomeres approach a critical size, the cell deploys an irreversible
pathway that leads to cell cycle arrest, senescence, and apoptosis
(102,106). As a consequence, all tumor cells need to induce some mech-
anism to ensure the maintenance of telomere length in order to prolif-
erate indefinitely. The experimental evidence available indicates that
the majority of human tumors achieve de novo expression of TERT as
a result of mutational events. Human tumors in which TERT is not
expressed have developed an alternative process of telomeres elonga-
tion through recombination, termed ALT, characterized by unusually
long telomeres (107). A recent study has shown that SV40 is unable to
induce telomerase activity in human fibroblasts (79). Therefore, immor-
tal fibroblasts can arise only after sporadic activation of telomerase 
due to chromosomal rearrangements or mutations. This explains the 
infrequency of malignant transformation of fibroblasts after exposure
to SV40. A similar situation is repeated in most human cell systems.
For example, mammary gland epithelial cells transformed by SV40
undergo senescence, which is not circumvented by the introduction of
oncogenic H-ras. However, sporadic cells escape crisis and form
tumorigenic lines in mice (108). In synthesis, these studies have shown
that the introduction of the SV40 oncoproteins, in conjunction with the
expression of a chronic mitogenic stimulus represented by oncogenic
H-ras, is insufficient for malignant transformation of human cells. In
these settings, malignant transformation still requires random muta-
genic events that affect an undefined number of genetic elements.
Recent studies have demonstrated that in the conditions described
above, activation of TERT is the critical requirement for malignant 
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transition. Indeed, the minimal genetic elements for normal human
cells to become transplantable tumors in experimental animals are rep-
resented by an oncogenic H-ras allele, the SV40 early region and active
telomerase (109). These apparently limited requirements have led some
researchers to the conclusion that the transition to a fully malignant
state is achieved in human cells through activation of telomerase, the
induction of a chronic mitogenic stimulus, inhibition of both p53 and
pRb pathways, and inactivation of PP2A. The SV40 early gene prod-
ucts provide the latter three functions (110).

This recapitulation of the carcinogenetic process in human systems
is probably oversimplified. The SV40 oncoproteins do not simply
inhibit p53, pRb protein family, and PP2A, but participate in a number
of interactions that profoundly affect the entire cell fate program of the
host. In other terms, researchers tend to underestimate the extent of
multifunctionality and the complexity of operation of the SV40 tumor
antigens. A good example of this is provided by the interaction of SV40
with the Notch signaling pathway (see below). Immortal, SV40-
transformed human mesothelial cells are completely growth-arrested
if activation of Notch is impaired through chemical inhibition (81),
implicating Notch-1 as another essential player in the process of malig-
nant transformation of at least some human cell types. Accordingly,
interference with Notch-1 using either chemical inhibition or antisense
technology suppresses the malignant phenotype of human fibroblasts
expressing TERT, oncogenic ras, and SV40 oncoproteins (111). This evi-
dence suggests that our interpretation of the molecular circuitry of
cancer is still rather incomplete, and additional genetic elements 
may soon be included among those required for the malignant trans-
formation of human cells.

SV40 and Malignant Mesothelioma

SV40 is highly oncogenic in the hamster, where it induces tumors of
different types. The pattern of tumor formation is dependent on the site
of administration. When injected intracardially, so that it can spread to
all organs, SV40 induces malignant mesothelioma (MM) in about 60%
of animals after a latency of 3 months (112). The remaining 40% of ham-
sters develop lymphomas, osteosarcomas, and myxomas (112). The
induction of mesotheliomas in these animals is strictly dependent on
the expression of tag, since hamsters injected with SV40 mutants
unable to synthesize tag developed lymphomas (the relevance of tag
in the process of mesothelial cells transformation is further discussed
below). If SV40 is injected directly into the pleural space, 100% of ham-
sters develop MM (112). Intracranial injection of SV40 causes brain
tumors, while subcutaneous injection causes lymphomas and sarcomas
at the site of injection (reviewed in ref. 16). This pattern of tumor for-
mation suggests that the hamster mesothelium is particularly suscep-
tible to SV40-mediated oncogenesis.

In the past decade, SV40 has been detected by different laboratories
worldwide in a number of human tumors using a variety of techniques
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pointed at the detection of SV40 DNA, RNA, and oncoproteins in the
tumor specimens (16,17). The wealth of evidence linking SV40 to spe-
cific human cancers is such that now three different panels of scientists
have conclusively linked SV40 to human cancer (18–20). Strikingly, the
panel of human tumors in which SV40 has been detected perfectly
matches that induced by SV40 in hamsters, suggesting that SV40 may
play a causative role in the onset of these malignancies (Fig. 3.4).
Malignant mesothelioma represents the human tumor in which SV40
association and putative oncogenicity have been more extensively
studied. The overall consensus is that 50% to 60% of MMs in the United
States contain SV40. Geographic differences in the prevalence of SV40
in MM have been described, and the possibility that such variance may
originate from differences in SV40 contamination of poliovaccine
preparations used in various countries has been proposed (113–118).
The association of SV40 with MM is highly specific, since SV40-
positive MM specimens contain SV40 only in the tumor cells, while the
surrounding stromal tissue is SV40-free (119,120). SV40 is biologically
active in MM, because its major oncoprotein Tag has been demon-
strated to bind cellular p53 (121) and pRb protein family members
(122). The functions of the SV40 oncoproteins are required for the main-
tenance of the malignant phenotype in MM, since targeting Tag
through antisense techniques causes growth arrest and apoptosis in
SV40-positive MM cell lines (123). Moreover, human mesothelial cells
are uniquely susceptible to SV40-mediated transformation and immor-
talization in vitro (see below), and evidence of co-carcinogenicity
between asbestos and SV40 has been described (21). All this evidence
strongly implicates SV40 as a causative agent in MM.

In theory, SV40 may be implicated in the origin of more MMs than
those in which it is detected. Some investigators have proposed that
SV40 may contribute to cancer formation according to a “hit-and-run”
mechanism (reviewed in ref. 124). According to this model, SV40 may
be required for the initial stages of tumor formation. During prolifera-
tion of the tumor a fraction of the cell population may acquire a number
of mutations so that the functions of the SV40 oncoproteins may
become disposable. In such a scenario it is conceivable that the SV40-
containing cancer cells may be counterselected, since the SV40 onco-
proteins are immunogenic, and because SV40 (in these settings) would
represent just a metabolic burden. Furthermore, SV40 DNA does not
preferentially integrate into the genome of human cancer cells (22), a
situation that mirrors that of Epstein-Barr virus (EBV)-mediated car-
cinogenicity (125). In conclusion, the hit-and-run model could poten-
tially take place in certain cases, and some in vitro experimental data
have been produced supporting it (126–130). Some in vivo SV40-
driven tumor models also support the hit-and-run mechanism. Trans-
genic mice expressing Tag under the control of inducible promoters
display proliferative disorders and tumors that are dependent on Tag,
since suppression of Tag expression causes reversion of the malignant
phenotype. However, these tumors become Tag-independent (or par-
tially Tag-independent) if the expression of Tag is silenced after longer
periods of time (48,131). In spite of these experimental models, there is
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insufficient knowledge on the extent of the hit-and-run process in
human cancer, or whether it occurs at all in natural conditions.

Interaction of SV40 with Human Mesothelial 
Cells in Vitro

In the past 10 years we have studied the molecular effects produced by
infection of primary human mesothelial (HM) cells with live SV40
virus. These studies are critically important to understand the patho-
genesis of MM, since SV40 is present in MM as a complete virus and
not as a nonreplicating, molecularly engineered, transfected plasmid.
We found that the SV40 pattern of infection of HM cells is substantially
different from the traditional semipermissive SV40 infection of human
cells. SV40-infected HM cells express the SV40 early genes, replicate
SV40 chromosomes, and synthesize capsid proteins and complete viral
particles. However, the majority of infected cells do not undergo SV40-
mediated cell lysis, because HM cells synthesize amounts of SV40 com-
patible with cell survival (21). Survival in the presence of potentially
oncogenic SV40 tumor antigens causes a very high rate of cell trans-
formation in SV40-infected HM. A few weeks after the introduction of
SV40 in the population, three-dimensional foci of HM cells that have
lost contact-inhibition arise. The frequency of focus formation in HM
cells is on average 0.2 ¥ 10-4 in different primary cultures (21). Nearly
100% of these foci can be established in culture as cell lines that display
a completely transformed phenotype in vitro and are immortal. These
results are unique under several perspectives. No other cells have been
described to acquire a completely transformed phenotype with such
high frequency after SV40 infection (about 1 of 5000 infected HM cells).
Moreover, less than 5% of foci developing after SV40 transformation of
cells of different origin can be successfully established as cell lines in
culture (reviewed in ref. 132). Instead, about 90% of SV40-transformed
HM cell lines appear immortal from the start because they never
develop a crisis. Recent data have provided a rationale for this unprece-
dented result. We found that SV40 induces telomerase activity in HM
cells as early as 72 hours after infection, and this activity increases with
cell passage in vitro (79). This indicated that SV40-transformed HM
cells do not need additional mutational events to become immortal,
since telomerase activation is a process intimately connected with SV40
infection. SV40-mediated induction of telomerase activity may be 
specific for HM cells, because telomerase activity was not detected in
SV40-infected primary fibroblasts (79). Besides its role in cell immor-
talization, induction of telomerase by SV40 may be a process connected
with focus formation, since TERT has been shown to possess trans-
forming activities (106). SV40 also specifically induces HGF and pro-
motes HGF receptor (met) phosphorylation in HM cells, and these
cellular effects appear to be a consequence of Tag interaction with pRb
(78). SV40-dependent activation of the met pathway in HM cells has
several implications in the process of HM malignant transformation.
Since the proto-oncogene met is upstream from ras, chronic activation
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of the met pathway may reproduce, at least in part, the consequences
of a constitutively active ras allele. Collectively, SV40 infection of HM
cells provides a human cell with telomerase activation, met, and IGF
pathways activation, and (obviously) with the expression of the SV40
oncoproteins. Taking into account the minimal genetic requirements for
oncogenic transformation of human cells (109), SV40 appears to be a
complete carcinogen for HM cells, with the immune system acting as
the ultimate fail-safe for MM development after SV40 infection of the
human mesothelium. However, the in vitro data would not support 
the latter interpretation, since (on average) 1 out of 5000 HM cells will
give rise to an immortal cell line after SV40 infection (21). This entails
that met and IGF pathways activation do not fully complement 
an oncogenic ras allele, and that the event of focus formation in HM 
is determined by any mutational occurrence that reproduces the cel-
lular outcomes of oncogenic ras expression. Taking into account the
extremely high frequency of malignant transformation of HM cells
after SV40 infection, the latter situation must be achieved fairly fre-
quently. SV40 induction of the met signaling pathway in HM cells has
additional implications in the pathogenesis of MM. SV40-containing
HM cells produce increased amounts of HGF, implying that SV40 can
operate also as a landscaper factor in MM, and that SV40 may exert its
oncogenic properties even though being expressed only in a fraction of
the tumor cells population.

The study of the interactions between SV40 and HM cells in vitro
provides a number of mechanistic explanations concerning typical phe-
notypes characteristic of SV40-positive MMs. In the latter tumors the
suppressor gene RASSF1A is commonly silenced through methylation
of its promoter. The latter instance appears directly mediated by SV40,
because SV40 specifically promotes RASSF1A promoter methylation
during the process of SV40 HM cell transformation (80). Moreover, in
SV40-positive MM specimens the expression of the Notch-1 gene is
specifically induced, while SV40-negative MMs do not display upreg-
ulation of Notch-1 (81). As previously indicated, Notch genes are pro-
teins regulating crucial cell fate decision during development and
differentiation. Such regulation is achieved through Notch-dependent
control of cell proliferation and survival (reviewed in ref. 93). Deregu-
lated or aberrant expression of Notch proteins is currently being
studied in a number of human tumors (133), and appears to critically
sustain the malignant phenotype (111). The characteristic Notch-1 over-
expression in SV40-positive MMs is also mirrored and mechanistically
explained in the SV40-HM in vitro system. SV40 induces Notch-1
expression early after HM infection. This induction is maintained
through the process of SV40-dependent transformation of HM (and in
cell lines derived from SV40-positive MMs), and Notch-1 activation
is necessary for the growth of SV40-containing transformed HMs 
(81).

As mentioned above, SV40 preferentially induces mesotheliomas in
hamsters. However, SV40 mutants unable to produce a functional tag
only occasionally induce mesotheliomas in these animals, while, in
similar settings, the development of tumors of other origin appear to
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be only partially dependent on the function of tag (112). This in vivo
evidence indicates that tag functions must play critical roles in the
hamster mesothelium. The interaction between hamster mesothelial
cells and SV40 has been insufficiently studied so far. However, in
human mesothelial cells tag is required for telomerase induction (79),
Notch-1 induction (81), and focus formation in vitro (21). These data
underscore the pivotal role of the SV40 tag in the process of HM cell
transformation in vitro.

Interactions of live virus with HM cells has also evidenced that gene
dosage or expression levels of the SV40 oncoproteins can produce
effects that, ultimately, are qualitatively different from transfection
experiments. In fact, SV40 induces the Notch-1 signaling pathway in
HM cells only as a replication competent virus, and not as a replication-
defective mutant. This situation can be circumvented if the SV40 
oncoproteins are artificially expressed in HM cells under the control of
a strong promoter (such as the cytomegalovirus promoter).

Crossing the Species Boundaries: 
SV40, a Human Virus?

SV40 shares with its closest homologues Jamestown Canyon virus
(JCV) and BKV the property of exerting powerful oncogenic activities
when it is introduced in other species; JCV and BKV are poly-
omaviruses that commonly infect humans (134,135). Their putative
implication in certain human cancers has been proposed (136–139).
More often JCV and BKV produce asymptomatic infections and
latently persist in human tissues, but they can be reactivated in immu-
nocompromised individuals and consequently cause lethal diseases.
Likewise, SV40 establishes in monkeys a similar life cycle to that 
of polyomaviruses in humans. However, JCV is highly oncogenic 
in owl and squirrel monkeys (140), BKV causes different types of
cancers in hamsters (141) and rats (142), and SV40 is highly oncogenic
in hamsters and other rodents, and it is associated with different
human cancers in which the experimental data available indicate that
SV40 plays a pathogenic role (reviewed in ref. 16). We are not aware of
any evidence that human polyomaviruses have propagated in other
species under natural conditions. On the other hand, SV40 has been
massively introduced into the human population during the early
poliomyelitis vaccination program. Furthermore, SV40 seems to be
capable to infect humans under natural or pseudonatural conditions.
Up to 10% of individuals working in close contact with monkeys
develop SV40-specific antibodies (143), and different percentages of
laboratory personnel working with SV40, with monkeys, or with
monkey cells display immunologic evidences of previous SV40 infec-
tions (reviewed in ref. 22). In conclusion, there is evidence that SV40
has entered the human population in different circumstances. The issue
of possible human-to-human transmission of SV40 infections has been
poorly investigated to date. However, SV40-specific antibodies are
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detectable in children born many years after the administration of
SV40-contaminated poliovaccines, and the prevalence of SV40-specific
antibodies appears to increase with age (22). In some of the children
possessing SV40-specific antibodies, SV40 DNA has been detected in
tissue specimens using polymerase chain reaction (22). Furthermore,
SV40 has been recently retrieved from sewage waters of Calcutta
(India) where monkeys are absent (144). These findings strongly sug-
gest that SV40 is being propagated in the human population, and that
human-to-human transmission of SV40 is taking place at least in some
areas of the world. More studies are needed to assess the extent of SV40
diffusion in human. However, the evidence available so far indicates
that SV40 has permanently crossed the barrier between monkeys and
humans, and that SV40 is now also a human virus.

Conclusion

The studies of SV40-mediated malignant transformation of cells of dif-
ferent origin, including human cells, underscore the extraordinarily
powerful oncogenic potential of SV40. Many aspects of the SV40
natural distribution, prevalence, and life cycle are still largely
unknown. The incidence of the human malignancies associated with
SV40 is constantly rising, especially mesothelioma. Malignant mesothe-
lioma was virtually unknown before the second half of the 20th century
(145). The increase of mesothelioma cases from practically zero to the
current 2000 to 3000 new cases per year in the United States alone has
been attributed to the widespread use of asbestos during the first half
of the 20th century. However, we also know that between 1954 and 1963
about 32 million individuals were injected with various amounts of
infectious SV40 in the United States alone (145). Human mesothelial
cells are uniquely susceptible to SV40-mediated transformation (21).
SV40 is specifically linked to a substantial percentage of mesothelioma
cases (16), and there is evidence that asbestos and SV40 can act as co-
carcinogens (21). All the above facts indicate that SV40 is at least co-
responsible for the rise of the incidence of mesothelioma. The evidence
indicating that SV40 is presently propagating in the human population
implies that human contact with this virus is not a mere accident 
circumscribed in time, but that SV40 represents a hazard for human 
health for some time to come. Therefore, there is an evident need for 
a broad and detailed study of SV40-mediated carcinogenesis in order
to prevent and treat SV40-associated human diseases, including
mesothelioma.
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4
Mesothelioma Carcinogenesis: 
In Vivo Models
Umberto Saffiotti

In Vivo Models of Mesothelioma, Their Purposes, 
and Roles

Knowledge of the factors and mechanisms responsible for cancer induc-
tion rests largely on the development of animal models. In these models,
both benign and malignant tumors, as well as preneoplastic lesions, can
be induced by proper experimental designs and with appropriate con-
trols, and their analogy to human pathology can be determined. The
animal models can be used to test and identify agents (chemical, physi-
cal, or biologic) that are capable of carcinogenic activity, and to investi-
gate their mechanisms. In addition, species and strains of laboratory
animals with specific genetic susceptibility to specific types of sponta-
neous or induced tumors can be identified. Recently, genetic manipula-
tion has given rise to transgenic or gene-deleted (knockout) animals,
which can reveal selective molecular pathways to carcinogenesis.

The study of in vivo animal models of carcinogenesis has sometimes
followed the indications of the evidence derived from studies of human
epidemiology, especially for occupational and environmental carcino-
gens. On the other hand, with the systematic development of animal
bioassays, many experimentally identified active carcinogens have
been subsequently shown to be human carcinogens in epidemiologic
studies.

Bioassays of potential carcinogenic agents in animal models, previ-
ously carried out on a smaller scale, became more systematic in the past
40 years, and they provided a basis for public health measures and
primary cancer prevention. The choice of animal biossays depends on
our knowledge of the underlying mechanisms of carcinogenesis for dif-
ferent classes of carcinogens. For example, knowledge of the biochem-
ical pathways of metabolic activation of many organic carcinogens in
human and animal tissues determined the selection of metabolically
competent animal models and corresponding modes of administration.
In turn, the animal models have provided an indispensable tool for the
study of pathogenetic mechanisms of carcinogenesis, and for the inves-
tigation of inhibitory factors (chemoprevention).
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In the case of mesothelioma, its association with human exposure to
asbestos was first suggested by some case reports in the 1940s, was sub-
stantiated by occupational epidemiology studies in the 1960s (1–4), and
was confirmed by many subsequent reports.

The pathology of human mesothelioma is presented in Chapter 31.
The microscopic patterns of mesothelioma are numerous, but they can
be grouped into epithelial, sarcomatous (or fibrosarcomatous), and
mixed types (5,6).

The first experimental reports of mesothelioma induction, obtained
by intrapleural administration of asbestos, were published in the 
1960s and 1970s (7–9), and showed that the epithelial, fibrous, and
mixed types of mesotheliomas could be induced experimentally by 
the same treatments. Numerous experimental results subsequently
provided increasingly extensive evidence of the carcinogenicity of
various asbestos types and other fibrous minerals, as is discussed
below.

Criteria for the evaluation of in vivo models need to be considered.
Traditionally, animal models have been evaluated for their analogy to
the corresponding human tumors in terms of target organs, tumor
morphology, histologic types, and histopathogenesis. Their response to
etiologic agents known to be carcinogenic in the human has also been
an important criterion for their evaluation and acceptance. Mesothe-
lioma animal models, therefore, have been aimed at the induction of
tumors by direct exposure of serosal cells, using intrapleural and intra-
peritoneal administrations of potential carcinogenic agents; in addi-
tion, other methods have been used to explore the induction of
mesothelial cell proliferation and transformation following indirect
exposures, such as inhalation and intratracheal administration, intra-
venous (intracardiac) injection, and even dietary intake.

With the development of carcinogenesis studies in animal models,
new criteria of analogy with the human counterpart evolved on the
basis of mechanism studies, which revealed common pathways of
metabolic activation of organic carcinogens and specific mechanisms of
activation of mineral particles and fibers, leading to reactive oxygen
formation on their surface. Recent advances in the methods of molec-
ular biology now provide a wide range of new opportunities for the
investigation of molecular mechanisms in the induction and develop-
ment of experimental tumors, and for the identification of pathways of
signal transduction and gene activation.

Spontaneous Mesotheliomas

Ilgren and Wagner (10) and Ilgren (11) reviewed the “background” inci-
dence of mesotheliomas in humans and animals, and cited references
to their sporadic occurrence in a variety of animal species in non-
experimental settings, including lower vertebrates, fish, birds, rodents
(rats of various strains and wild; hamsters; Mastomys), bovines (adult,
neonatal and fetal), domestic and wild dogs, felines, marsupials,
ovines, and pigs. They also reviewed reports of mesotheliomas in
untreated, historical, concurrent, and sham-operated control cohorts in
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rats of seven inbred strains. Untreated rats showed the following inci-
dences at different sites: pleura 0.3% to 1.5%; peritoneum 0% to 11%;
tunica vaginalis of testes 1.3% to 22%; ovarian serosa 0.1% to 0.2%;
unspecified sites 0.1% to 1.7%. Vehicle controls showed incidences of
2.0% to 7.8% for intraperitoneally treated rats, and 2% to 2.5% for
intrapleurally treated rats.

Mesotheliomas from the tunica vaginalis of the testes or the epidyd-
imis in Buffalo and Fischer rats were described by Morris et al (12).
Among spontaneous neoplasms in F344 rats observed for life span, five
peritoneal mesotheliomas (from omentum, spleen, liver, pancreas, and
intestine) were found in 160 males (3.1%), but none in 192 females (13).
In lifetime studies in NEDH rats, no mesotheliomas were found in 793
controls; in parabiont rat pairs (rats surgically prepared to share the
peritoneal cavities), no pleural mesotheliomas and only one peritoneal
mesothelioma were found in 624 rats (14). Tanigawa et al (15) reported
17 mesotheliomas in 395 untreated male Fischer 344 rats (4.3%), only
one of which was in the pleura, and all others in the genital serosa or
peritoneum. Pott et al (16) reported one mesothelioma in 204 female
Wistar rats injected intraperitoneally with saline, and six mesothe-
liomas in 394 rats injected with titanium dioxide (anatase) or corun-
dum. Minardi and Maltoni (17) examined untreated Sprague-Dawley
rats kept until spontaneous death and found, among 1179 males, three
peritoneal and one pericardial mesotheliomas, and among 1202
females, only one pleural mesothelioma. Two historical control groups
of male Fischer 344 rats, reported by the National Toxicology Program
(NTP) (18), showed mesotheliomas of abdominal and tunica vaginalis
origin, respectively, in 16/752 (2.1%) and 12/416 (2.9%). No mesothe-
liomas were reported in all the NTP studies on female Fischer 344 rats,
or in any of the tests in mice. The International Agency for Research in
Cancer (IARC) in its reviews on tumors in animals, reported that, in
rats, naturally occurring mesotheliomas of the pleura were “virtually
unknown” (19), but those of testicular origin were cited by several
authors (20–23). In the IARC volume on tumors in hamsters, only
induced mesotheliomas were reported (24), and in the volume on mice
(25), mesotheliomas were not even mentioned.

About “spontaneous” cancers, the present writer remembers W.C.
Hueper emphatically saying, some 50 years ago, “Spontaneous? Let’s
call them cryptogenetic!”

Induction by Fibrous Minerals

Experimental induction of mesothelioma by mineral fibers has been
obtained in several species, including rats, hamsters, and mice, and by
different routes of administration. The active fibrous materials include
the two types of asbestos: amphiboles (amosite, crocidolite, antho-
phyllite, tremolite) and serpentine (chrysotile); the zeolite mineral 
erionite; and man-made mineral fibers and vitreous fibers, including
refractory ceramic fibers, glass wool, glass filaments, rock (stone) wool,
slag wool, and other recently developed, less biopersistent fibers. Their
activity varies considerably, in different test methods, depending on
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several characteristics, such as fiber dimensions and durability or 
biopersistence. Ilgren and Wagner (10) and Ilgren (11) reviewed
mesothelioma induction by several nonasbestiform fibrous agents,
either naturally occurring or synthetic. Reports of mesotheliomas
induced by intrapleural or intraperitoneal injections of various asbestos
samples were reviewed and their mechanisms discussed (26–29). Com-
parisons of routes of administration are reported below.

Detailed reports on the characteristics of tested materials and on 
carcinogenicity data from human and animal studies, with extensive
references, are given in the IARC Monographs on the Evaluation of Car-
cinogenic Risks to Humans, for asbestos (30), for erionite (31), for man-
made mineral fibers (32), and for man-made vitreous fibers (33). The
2002 volume (33) partly revises the classifications given in 1988 (32), on
the basis of more recent data.

Intrapleural Administration
In 1962 J.C. Wagner reported the induction of a few mesotheliomas in
rats by intrapleural injection of asbestos. In a larger study, Wagner (34)
described a successful technique for intrapleural injection in SPF Wistar
rats, through a needle attached to a two-way tap connected to a capil-
lary manometer, which gave a negative reading once the needle
reached the pleural cavity, at which point a suspension of the test dust
(which had been ultrasonically dispersed) was injected. Each rat
received 0.4mL of saline containing 20mg of one of the test dust. The
reported preliminary results showed mesotheliomas in rats treated
with natural crocidolite (29/50), extracted crocidolite from which
organic contaminants had been extracted by cyclohexane (37/62),
amosite (8/26), and Canadian chrysotile (55/75). No mesotheliomas
were found in 30 rats treated with crystalline silica and in 19 controls
that received saline alone. The induced mesotheliomas showed either
a large mass or multiple nodules (in similar proportions of animals)
and their histologic pattern was tubular epithelial, or spindle-celled, 
or, most frequently, mixed.

Comparison of SPF and conventional Wistar rats given intrapleural
injections of various asbestos samples showed analogous percentages
with mesothelioma in both types of rats; the large majority of mesothe-
liomas were of the mixed type, with lower numbers of either fibrous
or epithelial types (35). Wagner et al (36,37) induced mesotheliomas in
CD Wistar rats with a single intrapleural injection of 20mg of five ref-
erence asbestos samples from the International Union Against Cancer
(UICC); mesotheliomas were induced in 66% of rats with a “superfine”
Canadian chrysotile, 61% with crocidolite, 36% with amosite, 34% with
anthophyllite, 30% with Canadian chrysotile, 19% with Rhodesian
chrysotile, and also with a fine glass fiber (12%), a ceramic fiber (10%),
and a glass powder (3%); none with a coarse glass fiber. Pylev and
Shabad (38) induced 37.5% mesotheliomas in rats with three
intrapleural doses of 20mg of a Russian chrysotile.

Acid leaching of chrysotile rapidly dissolves magnesium (Mg) from
the fibers and alters their structure: in intrapleural tests in Sprague-
Dawley rats, oxalic acid-leached chrysotile lost most of its carcinogenic

U. Saffiotti 63



activity as the proportion of leached Mg was increased from 10% to
89%; hydrochloric acid leaching abolished the activity (39).

In Sprague-Dawley rats injected intrapleurally with 25mg of asbestos
of different types, pleural mesotheliomas were found in males in 65%
with crocidolite, 70% with Canadian chrysotile, and 40% with asbestos
cement, and in females in 25%, 60%, and 30%, respectively, thus indi-
cating a higher susceptibility in males (17). For control incidences, see
Spontaneous Mesotheliomas, above.

Stanton and Wrench (9) developed a technique for intrapleural im-
plantation in female Osborn-Mendel rats of gelatin-coated fiberglass
pledgets, on which a dose (usually 40mg) of the test sample was spread
and placed in contact with the visceral pleura; mesotheliomas were
obtained in about 58% to 75% of the animals in each of the groups given
amosite, chrysotile, and four samples of crocidolite. Samples of fibrous
glasses of diverse types and dimensions, implanted in the pleura,
induced different incidences of malignant neoplasms, called “pleural
sarcomas,” but described as identical to mesotheliomas, including
cases with acinar or papillary epithelioid configuration; mesothelioma
incidences ranging from 5% to 100% were reported for 15 samples 
(40), and for 33 other samples (41). Analysis of 72 experiments with
fibrous minerals of widely different structure showed a correlation
with the number of fibers £0.25mm in diameter and ≥8mm in length
(42).

Erionite is a fibrous zeolite structured as a framework of alumino-
silicate tetrahedra (Si,Al)O4, in which each oxygen is shared between
two tetrahedra; it is mined in several countries (31). It was found to
induce mesotheliomas in Sprague-Dawley rats of both sexes after
intrapleural injection of 25mg (43). Wagner et al (44) injected 20mg
samples intrapleurally in Fischer 344 rats of both sexes and obtained
pleural mesotheliomas in 40/40 rats injected with Oregon erionite, and
38/40 with erionite from Karain, Turkey; for comparison, mesothe-
liomas developed in 19/40 rats treated with chrysotile and in 1/40
saline controls. In non-inbred rats given three intrapleural injections at
1-month intervals, fibrous erionite from Georgia, in the former USSR,
induced mesotheliomas in 39/40 males and 43/48 females with none
in controls (45). In a dose-response study of Oregon erionite by single
intrapleural injection in Porton rats, Hill et al (46) obtained mesothe-
liomas in 5/10 rats at a dose of 0.1mg erionite, 9/10 at doses of 1 and
10mg, and 8/10 at 20mg. Thus, erionite appears to have the highest
activity in the induction of mesotheliomas in rats by intrapleural 
injection.

In hamsters, the first experimental evidence of mesothelioma induc-
tion was obtained by Smith et al (8) by intrapleural injection of 25mg
of asbestos in groups of 15 male Syrian golden hamsters, to which the
same type of asbestos was also fed in the diet; two mesotheliomas were
obtained with a sample of “harsh” crysotile, and three mesotheliomas
with a sample of amosite. Of these five mesotheliomas, two were of the
epithelial type and three of the fibrous type (controls and a sample of
“soft” crysotile gave no tumors). In a subsequent experiment on groups

64 Chapter 4 Mesothelioma Carcinogenesis: In Vivo Models



of 50 hamsters treated with a single intrapleural injection of asbestos,
Smith and Hubert (47) obtained mesotheliomas with 10 or 25mg of
chrysotile (4/50 and 9/50 mesotheliomas, respectively), with 10mg of
amosite (4/50), with 1 or 10mg of crocidolite (2/50 and 10/50, respec-
tively), and with 10mg anthophyllite (3/50).

Intraperitoneal Administration
Effective induction of mesotheliomas was obtained by intraperitoneal
administration of various fibrous minerals, usually at fairly high doses.
By intraperitoneal administration in female Wistar and Sprague-
Dawley rats, Pott et al (16) tested a wide variety of samples and
obtained extensive evidence of carcinogenicity by many fibrous min-
erals; the induced tumors were reported as sarcoma, mesothelioma, or
carcinoma in the abdominal cavity, without a separate histologic clas-
sification. In subsequent reports of intraperitoneal tests in female
Wistar rats, high incidences were reported for tumors in the abdomi-
nal cavity described as “mesothelioma or sarcoma” (48), and later
specifically as mesotheliomas in a dose-response study of different
samples, with mesothelioma incidences up to 97% (49,50). Histopatho-
logic analysis of the mesotheliomas induced by intraperitoneal injec-
tion of various mineral fibers in Han:WIS female rats by Pott and
coworkers was subsequently reported (51) as follows: 45% epithelioid,
34% sarcomatoid, 37% mixed, 18% mixed with bone/cartilage, and 5%
sarcomatoid with bone/cartilage.

Several samples of man-made mineral fibers were tested in groups
of 18 to 24 male SPF Wistar rats by single intraperitoneal injection of
an estimated dose containing 109 fibers >5mm in length; in comparison
with an amosite sample, four fiber types were more active and four less
active in inducing mesotheliomas (one ceramic fiber type produced by
extreme heating induced no mesotheliomas). The results pointed to a
link with the number of fibers >20mm in length and with biopersistence
in rat lungs of fibers >5mm long (52).

In Sprague-Dawley rats injected intraperitoneally with 25mg of
asbestos of different types, peritoneal mesotheliomas were found 
with crocidolite in 95% of males and 100% of females, with Canadian
chrysotile in 90% of males and 70% of females, with Rhodesian chrys-
otile in 80% of males and 85% of females, with California chrysotile in
75% of males and 70% of females, with amosite in 90% of both sexes,
with antophyllite in 80% of males and 85% of females, with asbestos
cement in 45% of males and 60% of females, and none in water con-
trols of both sexes. In the same study, seven samples of modified
chrysotiles induced peritoneal mesotheliomas with various incidences
(30–85% in males and 25–80% in females) and one other sample in only
15% of males and none in females (17). This study does not report a
clear sex difference in susceptibility for peritoneal mesotheliomas,
whereas the groups treated with intrapleural injection showed a higher
susceptibility in males for pleural mesotheliomas (see above; and 
for control incidences, see Spontaneous Mesotheliomas, above). The
finding of a higher susceptibility for peritoneal than for pleural
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mesotheliomas with asbestos of various types was not confirmed with
tests on a sedimentary erionite, which induced incidences of 50% peri-
toneal and 87.5% pleural mesotheliomas (data given for both sexes
together) (53). The administration of a single large intracavitary dose,
such as 25mg, may not be appropriate to detect susceptibility differ-
ences in the target mesothelial cells.

Dose-response relationships in mesothelioma induction by UICC
samples of chrysotile, crocidolite, and amosite and by Oregon erionite,
following a single intraperitoneal injection in SPF rats of the AF/Han
strain, were analyzed in relation to doses (from 0.005 to 25mg), fiber
dimensions (length and diameter), and number of fibers per milligram
(54); this study confirmed the importance of fiber length and pointed
out that of the two fibers with highest carcinogenic activity, erionite
included a fraction of relatively thick fibers, whereas chrysotile fibers
separate largely into individual fibrils in tissues (and therefore have
low durability), but include a high number of long fibers. A previous
intraperitoneal injection study showed the higher activity of long
versus short fibers of chrysotile in terms of mesothelioma incidence
and mean induction period (55).

Several samples of tremolite, an amphibole type of asbestos, were
tested by single intraperitoneal injection of 10mg in 2.0mL saline, in
rats of the AF/HAN strain; all induced mesotheliomas, with different
incidences, ranging from 100% to 5.5% (56).

Repeated intraperitoneal injections in rats were used for tests of
biosoluble synthetic fibers, in groups of 51 female Wistar rats (57); the
test materials were administered by intraperitoneal injection to the
midabdominal region, with two, eight, or 20 injections, each in 2.5mL
saline, at 1-week intervals, depending on the desired total dose [0.5, 2,
and 5 ¥ 109, respectively, of World Health Organization (WHO) fibers].
Glass wool samples B, M, P, and V, of similar density and surface area,
but of different solubility, resulted in mesothelioma incidences varying
from 0% to 14%, and a sample of stone wool only in 0 and 1%. The 
incidence of mesotheliomas was correlated with intraabdominal
masses, ascites, and chronic peritonitis. Positive controls with crocid-
olite, administered in a single dose (0.5 and 5.0 ¥ 106 WHO fibers, 
respectively), resulted in mesothelioma incidences of 27% and 45%,
respectively.

In male BALB/c mice, mesotheliomas were induced by single
intraperitoneal injection of UICC amosite (a dose of 20mg induced
26.7% mesotheliomas; 10mg, 23.5%; 2mg, 35.1%); UICC chrysotile (20
mg, 12.5%; 2mg, 0); Calidria chrysotile (2mg, 25%); erionite I (10mg,
45.2%); erionite II (10mg, 37.5%; 2mg, 54.5%; 0.5mg, 33.3%); a double
injection of 2mg amosite and 2mg UICC chrysotile induced mesothe-
liomas in 60% (58). In this study, a large proportion of mice treated with
high doses developed severe peritoneal fibrosis and intestinal obstruc-
tion, and many died before 7 months (mesotheliomas were found only
after this latent period); this pathology accounts for the reverse dose-
response observed with amosite and erionite. Overall, the mesothe-
liomas included 88% of the fibrous type, 11% of the mixed type, and
only 1% of the epithelial type. Peritoneal mesotheliomas were found in
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all groups of Swiss mice treated by single intraperitoneal injection with
graded doses (5 to 40mg) of erionite from Karain, Turkey; no evidence
of a dose-response was observed in this study (59).

In C57BL/6 mice, the early mesothelial reactions following intra-
peritoneal crocidolite injection were described as involving cell injury 
and regeneration, associated with the development of mesotheliomas
(60). Following intraperitoneal injection of crocidolite, 25% of 
BALB/c mice and 45% of CBA mice developed mesothelioma, 7 to 25
months after exposure; cell lines were established from these tumors
(61).

As an effective method for mesothelioma induction, A.B. Kane’s lab-
oratory adopted weekly intraperitoneal injections of 200mg of UICC
crocidolite in C57Bl/6 mice (62); mesotheliomas were induced after 35
to 66 weeks of treatment. The tumors had the typical histology of
epithelial, fibroblastic, or mixed types. This model was used for p53 +/+,
heterozygous p53+/-, and homozygous p53-/- mice. Mesotheliomas
developed in 37% of the wild-type mice (mean latent period: 67 weeks),
and in 76% of the heterozygous p53-deficient mice (mean latent period:
44 weeks); the homozygous p53-deficient mice developed many other
types of tumors early and only one mesothelioma was found in 10
mice, with a latency of only 10 weeks. In the heterozygous mice, 50%
of the mesotheliomas showed extensive invasion (63,64).

Inhalation
Following inhalation in SPF Wistar rats of both sexes, for various
periods of time, of different samples of asbestos, at doses closely com-
parable for all samples (as concentrations of mean respirable dust and
as cumulative dose), many animals developed lung tumors (adenomas,
adenocarcinomas, and squamous cell carcinomas), but only a few
developed mesotheliomas. After a 1-day exposure to amosite, 1 of 45
rats at risk developed mesothelioma; 1/28 and 1/18 after 12-month 
and 24-month exposures to anthophyllite; 1/43, 1/36, and 2/26 after
crocidolite exposures, respectively, of 1 day, 3 months, and 12 months;
3/23 and 1/21 after 12-month and 24-month exposures to Canadian
chrysotile; and none after exposure to Rhodesian chrysotile and in con-
trols (65). In another asbestos inhalation study in SPF rats of the Han
strain, again, lung tumors were induced by UICC amosite, chrysotile,
and crocidolite, but only one peritoneal mesothelioma occurred in 42
rats exposed to 2mg/m3 chrysotile and one pleural mesothelioma in
43 rats exposed to 5mg/m3 crocidolite (66). In a later study (67), long-
and short-fiber samples of amosite and chrysotile were tested by
inhalation in rats; the long-fiber samples were much more carcinogenic
in both cases (inducing both pulmonary tumors and pleural mesothe-
liomas), whereas the short-fiber samples gave some tumors with
chrysotile and none with amosite. Results of many experiments on 
the induction of lung tumors and mesotheliomas by inhalation of
chrysotile and of amphiboles in rats were analyzed by Pott (68) and
showed that mesotheliomas were much less frequently induced than
lung tumors. Davis et al (54) pointed out that mesotheliomas were
induced in rats following inhalation of all asbestos types, but never
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with an incidence of more than 10% of exposed animals, even at
massive doses (55,65–67).

In contrast, a high incidence of pleural mesotheliomas was observed
in Fischer 344 rats exposed to Oregon erionite inhalation: 27/28 rats
developed mesotheliomas, with none in controls; in comparison, only
4/124 rats exposed to crocidolite developed mesotheliomas (44).
Johnson et al (69) reported that pleural tumors induced in rats by eri-
onite inhalation had similar ultrastructural appearance to mesothe-
liomas induced by asbestos injection in the pleural and peritoneal
cavities. The high incidence of mesotheliomas induced by Oregon 
erionite is discussed by Davis (70), who draws attention to the fact that
its appearance and fiber size distribution are very similar to those of
UICC crocidolite, which causes only rare mesotheliomas when inhaled
by rats. Johnson (26) observed that the peritoneum seemed more 
sensitive to crocidolite than the pleura, whereas the pleura was more 
sensitive to erionite than the peritoneum.

In Syrian golden hamsters (125 males per group, 140 controls), nose-
only inhalation tests of amosite showed the induction of inflammation
and pulmonary and pleural fibrosis, followed by mesothelial hyper-
trophy and hyperplasia, and the following incidences of mesothe-
liomas: 4% with 25 fibers/cm3, 26% with 125 fibers/cm3, and 20% with
250 fibers/cm3. In comparison, only one mesothelioma was found with
inhalation of fiberglass sample MMVF33 and none with fiberglass
sample MMVF10a of much lower durability (71).

In a comparative inhalation study of a kaolin-based refractory
ceramic fiber (RCF-1) in Fischer 344 rats and Syrian golden hamsters,
significant pulmonary and pleural inflammation was detected for both
species; DNA synthesis by pleural mesothelial cells was higher in ham-
sters than in rats, and was highest in the parietal pleura; greater colla-
gen deposition was measured in the visceral pleura of hamsters, but
was not significantly elevated in rats; and the number of fibers longer
than 5mm per cm2 of pleural surface was two to three times higher in
hamsters than in rats (72). A previous inhalation study in Fischer 344
rats and Syrian golden hamsters, exposed simultaneously to RCF-1,
resulted in a high incidence of mesotheliomas in hamsters (43%), but
not in rats (1.6%) (73). Both species developed fibrosis and inflamma-
tion of the visceral pleura, but hamsters developed greater surface
mesothelial cell proliferation and had focal aggregates of mesothelial
cells embedded within regions of visceral pleural fibrosis (74).

Comparing the response of different animal models, such as rats and
hamsters, is especially interesting, because it may suggest different
underlying mechanisms. In studies with crystalline silica, administered
either by inhalation or by intratracheal instillation, hamsters developed
no fibrogenic or carcinogenic responses, but only macrophagic granu-
lomas, whereas rats showed a high level of pulmonary fibrogenic and
carcinogenic responses (75). Silica and asbestos are both active through
the formation of reactive oxygen species that produce DNA damage,
but particulate materials differ from fibrous materials in physicochem-
ical characteristics and consequently in their transport and localization
in target tissues. Both asbestos and silica are carcinogenic in the lungs
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of rats, but no mesotheliomas have been induced by silica, even in rats.
Wagner et al (76) found that intraperitoneal injection of silica in rats
induced malignant histiocytic lymphomas, but no mesotheliomas. For
combined exposures to asbestos and quartz, see below.

Intratracheal Instillation
Intratracheal injection of 2mg Russian chrysotile, together with 5mg
benzo[a]pyrene (BP), resulted in pleural mesotheliomas in 6/11 rats,
whereas none were induced in rats given BP alone or chrysotile alone
at a higher dose (77).

Mohr et al (78) induced pleural mesotheliomas by 8 weekly intra-
tracheal instillations in male Syrian golden hamsters (each of 1mg dust
in 0.15mL saline) of two types of glass fibers (mesothelioma incidences:
37/136 and 26/138) and of UICC crocidolite (8/142), with 0/142 in TiO2

controls. These mesotheliomas were all epithelioid, with papillary
areas.

I.Y. Adamson and coworkers used intratracheal instillation of crocid-
olite in mice and rats in a series of short-term studies, to investigate
early-phase proliferation of mesothelial cells in vivo. They showed 
that mesothelial cell proliferation was induced by long fibers in mice.
Since this effect was also induced by other agents, such as hyperoxia,
bleomycin, and silica, they suggested that it was a response to injury
to the lung and probably mediated by the same cytokines that trigger
interstitial fibrosis (79). The early proliferative response of mesothelial
cells was also seen after intratracheal instillation of crocidolite in rats,
and it was found to be blocked by an antibody to keratinocyte growth
factor (KGF) (80). Since mesothelial cells share properties of fibroblas-
tic and epithelial cells and they express both vimentin and cytokeratin
(81), Adamson et al (80) suggested that KGF, secreted by lung fibro-
blasts to promote epithelial repair after asbestos, may diffuse to the
pleural surface and induce the short-term proliferation of mesothelial
cells; in extended exposure periods, this stimulation may be responsi-
ble for mesothelial cell proliferation. Further studies by intratracheal
instillation of crocidolite in rats showed that during the phase of
mesothelial cell proliferation, both KGF and hepatocyte growth factor
(HGF) were significantly increased in both bronchoalveolar and pleural
lavage fluids (82), and both HGF and KGF stimulated mesothelial cell
proliferation (83).

Ingestion
Extensive long-term feeding tests of mineral fibers were reviewed 
(84). Two hamster studies showed no toxic effects of feeding amosite
or taconite tailings, although one mesothelioma was reported in 30
amosite-treated males (none in controls). No mesotheliomas were
reported in 10 experimental groups of rats fed amosite or crocidolite.
In seven feeding studies with chrysotile, only one showed a peritoneal
mesothelioma (in 95 male rats). These tumors were not considered 
significant. In a large feeding study in rats of chrysotile (alone or 
mixed with 25% crocidolite, with untreated or palm-oil controls), seven
mesotheliomas were reported (two in control groups) and they
included three in the thoracic cavity, one peritoneal, one near salivary
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glands and two in the testicles (85); again, these mesotheliomas were
considered unrelated to treatment, but their origin remains unclear.

Induction by Other Carcinogens

Reports have been published on mesotheliomas in animal models fol-
lowing exposure to a variety of chemicals. The evidence of induction
by the test chemicals is often difficult to establish. Ilgren and Wagner
(10) and Ilgren (11) listed a large number of tests from the literature in
which mesotheliomas were reported, but they did not assess the sig-
nificance of the findings, and so included tests in which, for example,
only one or a few mesotheliomas were reported in a group of animals,
compatible with occurrence in control groups. In other cases, the
tumors were not clearly diagnosed as mesotheliomas. This section
includes only references to studies showing a likely induction of
mesotheliomas.

N-nitrosopyrrolidine (fed at 16mg/kg body weight for 67 weeks)
resulted in papillary mesotheliomas of the testis or epididymis in 
4/12 (33%) MRC rats, with 0/34 in controls (86). Mesotheliomas and
proliferative lesions of the testicular mesothelium (tunica vaginalis 
and epididymis) were produced by a single intraperitoneal injection 
of 13mg/kg body weight of methyl(acetoxymethyl)nitrosamine 
(DMN-OAc) in male Fischer 344 rats (9/25), Sprague-Dawley rats
(4/27), and Buffalo rats (12/27) (87).

N-2-fluorenylacetamide, fed at 0.06% in the diet to male Fischer 344
rats, in three cycles of 3 weeks each, with 1-week intervals on normal
diet, resulted in testicular mesotheliomas in 9/25 rats (36%), with none
in a group with only one cycle and in controls (88). A previous study
of N-2-fluorenylacetamide, fed at 0.025% in the diet to Buffalo strain
rats, gave mesotheliomas of the testes or epididymis in 3/18 rats, but
2/6 controls also had these tumors (12). Ethylene oxide, tested by
inhalation in male Fischer 344 rats, induced significant incidences of
peritoneal mesotheliomas at 33 and 100ppm in one study (89) and at
100 and 300ppm in another study (90).

Mice of different strains, treated with intragastric administrations of
3-methylcholanthrene (MCA), 20mg/kg in olive oil, weekly for 10
weeks, developed peritoneal mesotheliomas that frequently invaded
the diaphragm and other organs; their incidence varied in different
strains: mesotheliomas were induced in 12/31 (39%) mice of the C3H
strain, and 9/32 (28%) mice of the BALB/c strain; low incidences 
of mesothelioma were obtained in C57BL/6 mice (1/31) and DBA/2
mice (1/26), and none in Swiss mice (0/30) and AKR mice (0/32). Most
of the induced mesotheliomas were of the mixed type and mainly
fibrous. In addition, lesions consisting of severe mesothelial hyper-
plasia associated with tissue necrosis and inflammation were consid-
ered as possible early stages of mesothelioma development (91). This 
study shows marked susceptibility differences among different mouse
strains to mesothelioma induction by a polynuclear aromatic hydro-
carbon. This model, which has not been used so far for mechanism
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studies, could provide clues to the underlying genetic susceptibility
factors.

Other organic chemicals were linked to mesothelioma induction, as
reviewed by Peterson et al (92), Ilgren and Wagner (10) and Ilgren (11).
Among them, sterigmatocystin given by repeated intraperitoneal injec-
tions, which induced mesotheliomas in 50% of Wistar rats (93); possi-
bly 1-nitroso-5,6-dihydrouracyl given in three intraperitoneal injections
to MRC-Wistar rats (2/40 with mesothelioma) (94); N-methyl-N-
nitrosourea given repeatedly intraperitoneally to guinea pigs (only one
mesothelioma) (95); and diethylstilbestrol, which, after subcutaneous
implantation in squirrel monkeys, resulted in uterine malignant
mesotheliomas in 7/10 animals (96).

Ferric saccharate and nitrilotriacetic acid (NTA) were injected
intraperitoneally daily for 3 months in male Wistar rats, separately 
or together: 9/19 rats given ferric saccharate (5mg Fe/kg body
weight/day, 6 days/week for 3 months) developed mesotheliomas
from the serosa of the tunica vaginalis or spermatic cord; among 19 rats
treated with ferric saccharate and also with NTA (83.5mg/kg body
weight, 6 days/week for 5 months), seven developed mesotheliomas
at the same locations and six had widespread peritoneal mesothe-
liomas; the mesotheliomas showed all three histologic types; none were
found in rats given NTA alone or just saline (97). Potassium bromate
(KBrO3), an oxidizing agent, given in drinking water to F344 rats,
induced mesotheliomas on the surfaces of various abdominal organs
in males, in 59% at 500ppm and 33% at 250ppm, but in 6% in untreated
controls (!), with none in female F344 rats, female B6C3F1 mice, and
male Syrian golden hamsters; different durations of treatment in male
rats gave mesothelioma incidences near 40% for treatments up to 52
weeks, and 75% for 104 weeks of treatment (98).

The reports of the National Toxicology Program (NTP) (18), National
Institute of Environmental Health Sciences, were reviewed for tests
resulting in mesotheliomas. The following long-term tests in male 
F344 rats yielded high incidences of mesotheliomas originating 
in the peritoneum/tunica vaginalis testis: (a) by inhalation: 1,2-
dibromoethane (up to 25/50 rats with mesotheliomas); (b) by feeding:
o-nitrotoluene (up to 44/60 and to 54/60 in a stop-exposure test); 2,2-
bis(bromomethyl)-1,3-propanediol (up to 26/60 in a stop-exposure
test); (c) by gavage: glycidol (up to 39/50); (d) by intraperitoneal injec-
tion: cytembena (a cytostatic agent) (up to 37/50). Lower incidences of
mesotheliomas were induced by the following compounds: (e) by
inhalation: dichloromethane (up to 5/50); (f) by feeding: pen-
tachlorophenol (up to 9/50); ethyl tellurac (up to 8/50); nitrofurazone
(up to 7/50); o-toluidine (no incidence given); 3,3¢-dimethoxybenzidine
dihydrochloride (up to 6/60); 3,3¢-dimethylbenzidine dihydrochloride
(up to 4/60); pentachlorophenol (up to 9/50 in a stop-exposure study);
(g) by gavage: methyleugenol (up to 12/50); trichloroethylene (up to
5/50); (h) by dermal application: 2,3-dibromo-l-propanol (up to 4/50).
In addition, a test of acronycine by intraperitoneal injection in Sprague-
Dawley rats induced mesotheliomas (in the abdomen or tunica 
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vaginalis) in both male and female rats, but the incidence was not clear
because of high mortality. The historical control incidence of mesothe-
liomas in male F344 rats was reported from two laboratories as 2.9%
and 2.1%. No mesotheliomas were reported in all the studies on female
F344 rats, or in any of the tests in mice.

Radioactivity was shown to induce mesotheliomas; in rats exposed
to 239PuO2 by intraperitoneal injection, 27% developed epithelial
mesotheliomas and 38% sarcomatous mesotheliomas; the tumor inci-
dence was dose-dependent and a greater dose was required to induce
epithelial than sarcomatous mesotheliomas (99). When chrysotile 
or 3,4-benzo[a]pyrene was injected with the 239PuO2, the resultant 
tumor incidence was additive [Sanders, 1973, quoted by Hahn et al
(100)]. 239PuO2 also induced pleural mesotheliomas by inhalation 
or intrapleural injection (101). Four life-span inhalation studies of
radionuclides were reviewed by Hahn et al (100) for the induction of
mesotheliomas; the rats were exposed briefly (10–40min) per nasum
once or repeatedly (seven times over 1 year); in a total of 3076 rats
(approximately equally divided by sex), exposed by inhalation to
aerosols of 239PuO2, mixed uranium-plutonium oxide, or 144CeO2, a total
of 28 pleural mesotheliomas were induced (21 epithelial-papillary
diffuse, two epithelial-papillary focal, two sarcomatous, and three
mixed); four mesotheliomas were found in 1641 controls (0.24%). These
studies showed that mesotheliomas can be induced with either alpha-
or (less effectively) with beta-emitting radionuclides.

Combined Exposures
Warren et al (14) reported a large study in NEDH rats of both sexes
treated with UICC chrysotile by the intratracheal, intrapleural, and
intraperitoneal routes, alone or combined with x-radiation or 3-
methylcholanthrene administration. The results (limited by incomplete
reporting) are indicative of a marked synergism of asbestos with radi-
ation and with methylcholanthrene for peritoneal, but not pleural,
mesotheliomas. Combined effects in mesothelioma induction were also
reported for intrapleural chrysotile combined with radon 222 inhala-
tion in rats (102).

In a study of the combined effects of asbestos inhalation coupled
with the inhalation of a particulate material, namely, quartz or rutile (a
titanium dioxide polymorph), unexpected results were obtained (103).
Rats of the AF/Han strain (sex not specified) were exposed to inhala-
tion (5 hours/day at 10mg/m3) of UICC chrysotile or to a sample of
long-fiber amosite. Separate groups were exposed to the same asbestos
inhalation schedule followed by a 2 hours/day inhalation of either
rutile (at 10mg/m3) or quartz (at 2.2mg/m3). The inhalation exposures
were continued for 1 year, with a 2-year follow-up. Early lung lesions
from quartz and asbestos were more diffuse than those from asbestos
alone. After 6 months, the asbestos + quartz groups showed more
extensive fibrosis and alveolar epithelial hyperplasia, while titanium
dioxide did not change the degree of fibrosis seen with asbestos alone.
The incidence of pleural mesotheliomas was 6/38 (16%) with chrysotile
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+ quartz, 0/37 with chrysotile alone and 2/41 with chrysotile + rutile;
and it was 8/39 (21%) with amosite + quartz, 2/40 with amosite alone
and 2/40 with amosite + rutile. Peritoneal mesotheliomas were 1/40
with amosite alone, 2/40 with amosite + rutile, 1/39 with amosite +
quartz, and none with chrysotile. The induced mesotheliomas were his-
tologically biphasic. The remarkable finding that the induction of
pleural mesotheliomas by asbestos inhalation is significantly increased
by quartz was paralleled by the increase in pulmonary fibrosis. Quartz
also increased the incidence of pulmonary adenocarcinomas in com-
parison with the two groups treated with asbestos alone. The role of
quartz, an ubiquitous dust and a known pulmonary carcinogen, in the
potentiation of pleural mesothelial carcinogenesis remains to be further
investigated. Quartz shares several molecular mechanisms with
asbestos (104), and may also have affected the transport of inhaled
fibers to the pleura.

Induction by SV40

High incidences of mesotheliomas were induced in 21-day-old male
Syrian golden hamsters following intracardiac, intraperitoneal, and
intrapleural injections of wild-type (wt) simian virus 40 (SV40) (see also
Chapter 3). Specifically, wt SV40 830 resulted in the induction of 13/21
(62%) mesotheliomas by intracardiac injection, and wt SV40 776
resulted in 2/5 (40%) mesotheliomas by intracardiac and 4/6 (67%)
mesotheliomas by intraperitoneal injection. When injected intrapleu-
rally, both wt strains resulted in a 100% incidence of mesotheliomas
(6/6 and 5/5, respectively) with no mesotheliomas in controls (105).
The tumors developed between 3 and 6 months after injection. After
intraperitoneal or intracardiac injection, the tumors formed a continu-
ous layer over pleural and pericardial surfaces, obliterating the cavi-
ties; and those induced by intraperitoneal injection spread widely over
the serosal surfaces. No distant metastases were observed. The histo-
logic appearance of the tumors was mostly of the mixed type, with
spindle cell and epithelioid areas in the same tumor, but some tumors
showed only one type of differentiation. The diagnosis of mesothe-
lioma was confirmed by histochemical staining, showing production of
hyaluronic acid, and by electron microscopic features. Tumor cell lines
were established from these mesotheliomas (105).

Mesotheliomas in hamsters induced by asbestos or by SV40 were
compared (106). Intrapleural injection of crocidolite asbestos induced
mesotheliomas in hamsters in a dose-dependent manner; the tumors
appeared late (>18 months) and were small and well differentiated,
with adjacent pleural fibrosis, and rarely caused local invasion and
death. In contrast, SV40-induced hamster mesotheliomas showed no
adjacent pleural fibrosis, and they were large and multicentric, with
both epithelioid and sarcomatoid areas; histologically they were
anaplastic and showed invasion of adjacent tissues; and they were 
uniformly fatal within 3 to 6 months. Such different patterns in the
histopathology and clinical course of two animal models of mesothe-
lioma obtained by different etiologic agents should prove valuable for
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investigating the respective molecular pathways involved in their
pathogenesis.

Induction by Other Viruses

Proliferative lesions of the pleura, pericardium, and peritoneum were
reported in Swiss mice inoculated in utero with polyoma virus, but
none of the lesions progressed to invasion or metastasis; the lesions
showed hypertrophied mesothelial cells over a thickened hyalinized
matrix, or stalks attached to the visceral surface and covered by one to
five layers of cuboidal mesothelial cells, sometimes forming polypoid
masses (107). In a group of 16 Syrian golden hamsters injected intra-
tracheally with polyoma virus (which induced lung carcinomas and
liver angiomas), one hamster developed a bilateral pleural mesothe-
lioma (108); given the absence of spontaneous mesotheliomas in 
hamsters (see above), this is probably a polyoma-induced tumor.

The MC29 avian leukosis virus (an RNA virus) induced mesothe-
liomas in 35% of chickens injected in the peritoneal, pericardial, and air
sac cavities (109). Diffuse mesotheliomas were induced in chickens of
the inbred SC line, by inoculation of preparations of v-src DNA (the
oncogene of Rous sarcoma virus); pRLV-src resulted in mesothelioma
incidences of 9/10 by intravenous, and 22/37 by intraperitoneal
administration; and intraperitoneal pJDD 11 construct gave 10/13
mesotheliomas. The mesotheliomas in all these experiments were of the
three morphologic types: epithelial, fibrous, and mixed (110).

Mechanisms and Pathways

Mechanisms Specific to Fibrous Minerals: The roles of fiber type, dimen-
sions, durability, surface properties, deposition, translocation, and dis-
solution have been shown to be of critical importance in many studies
(42,54,68,70,111–114). The critical factors are fiber dimensions (≥8mm in
length and £0.25mm in diameter), the number of fibers, their chemical
composition, and the durability, or biopersistence, of the fiber type.
Suzuki (115) remarked on the need for a long latent period for mesothe-
lioma induction, dependent on the longevity of the species: ≥7 months
in mice, ≥1 year in rats, ≥6 years in baboons, and ≥20 years or longer
in humans.

In considering the dose of fibrous minerals that was used in most
animal experiments, especially in single injection tests, one may become
concerned that the induction of mesotheliomas is obtained by high
doses, as compared with the amount of fiber inhaled in human expo-
sures over a long time. The animal models are often primarily chosen to
obtain the desired end point, i.e., the development of tumors compara-
ble with those of human pathology. Concerning the dose, one has to
remember that particulate and fibrous minerals act by mechanisms
involving the reactivity of their surfaces, not their bulk, and that there-
fore their total weight is not representative of the active surface molec-
ular layer, a fundamental difference from the mode of action of soluble
carcinogens. It is also important to consider the probability of tumor
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occurrence in relation to the number of individuals exposed and the
duration of their survival, which are obviously very different between
groups of experimental animals and human populations. The fact that
the carcinogenic activity of fibrous minerals has been observed under
many different test conditions, species, and routes of administration,
and its correspondence with human occupational epidemiology, leave
no doubt about the carcinogenicity of these materials. More difficult is
the evaluation of negative results obtained in certain tests, in terms of
risk estimates for human exposure. Here, dose-response relationships
are important in the experimental models as well as in corresponding
human exposures, and mechanistic considerations can contribute to the
understanding of the results. An example is given by a recent report on
biosoluble synthetic mineral fibers tested by intraperitoneal injection in
rats (57). Much remains to be investigated about the mechanisms by
which fibrous minerals induce tumors, especially mesotheliomas. For
example, asbestos fibers (chrysotile) were found to be effective in trans-
fecting exogenous plasmid DNA in monkey cells COS-7, suggesting
another possible role for the fibers in the mechanism of neoplastic trans-
formation (116). Well-defined biologic models can provide new insights
into the mechanisms of fiber carcinogenesis.

An extensive critical discussion was provided by the consensus
report of a group of experts convened by the International Agency for
Research on Cancer (IARC) (117), who considered fiber characteriza-
tion, biopersistence, genotoxicity, cell proliferation, animal models in
relation to species, routes of exposure and doses, and the relevance of
in vivo and in vitro assays and of mechanistic data. The report recog-
nized that fibers can activate macrophages and epithelial cells to release
inflammatory mediators, cytokines, and growth factors, which may
alter epithelial and mesothelial cell proliferation; that fibers can bind
to the plasma membrane and activate cells; and that asbestos fibers can
activate multiple intracellular signaling pathways and transcription
factors, including oxidative stress-related pathways via redox-sensitive
transcription factors such as nuclear factor NFkB and the activator
protein AP-1. The report expressed concern about the interpretation of
experiments using intratracheal and intracavity injections, because
high-dose exposures may result in uneven deposition. It recommended
that a multidose chronic inhalation study should be undertaken in 
rats and hamsters, using a well-characterized amphibole sample, and
including relevant short-term end points or biomarkers, to be evalu-
ated in future mechanistic studies.

A workshop report on chronic inhalation testing, sponsored by the
U.S. Environmental Protection Agency (118), reviewed test methods
and conditions. Concerning mesotheliomas, it noted that the rat inhala-
tion model may not be sensitive enough to the induction of mesothe-
liomas (except for erionite), and that the hamster appeared more
sensitive than the rat with respect to fiber-induced mesothelioma, but
less sensitive to the induction of lung tumors and fibrosis. Comment-
ing on histopathologic evaluations, it recommended that a dissecting
microscope should be used to examine for mesotheliomas (a practice
that has not been widely used).
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Muhle and Pott (119) expressed their concern about the adequacy of
inhalation models for risk evaluation of asbestos fibers, considering
that rat lungs weighing about 1g at the start of an experiment, with
survival of little more than 2 years, are compared with human lungs of
1000g, surviving several decades, and that the number of cells at risk
and the number of cell generations is much higher in humans. They
stated, “All German institutions that were involved with the assess-
ment of the cancer risk from fibers concluded that the inhalation model
with rats is not sensitive enough to predict cancer risk due to the much
longer lifespan of humans.” The complexities and pitfalls of human
risk evaluations based on tests on different animal species were
reviewed by Maxim and McConnell (120). With advances in tracing the
molecular pathways of mesothelioma carcinogenesis, one hopes that
the biologic significance of different animal models will become better
understood.

Molecular Mechanisms in Mesothelioma Pathogenesis, as Studied In Vivo in
Animal Models: As reviewed in this chapter, mesotheliomas can be
induced in animal models by a variety of agents, not only by fibrous
minerals, but also by several organic carcinogens, by radioactive mate-
rials, and by viruses. In addition, co-carcinogenic effects have been
reported, for example, by inhalation of quartz particles combined with
asbestos fibers.

Considerable advances have been made in the past decade in iden-
tifying molecular pathways that characterize mesothelioma cells. Most
of these studies have used human or animal mesothelial cells or
mesothelioma cells in culture and were recently reviewed (121). The
study of messenger RNA (mRNA) expression patterns at different
stages of asbestos-induced carcinogenesis in rats showed that several
genes (c-myc, fra-1, and egfr) were upregulated in pretumorous tissue,
in asbestos-induced tumors and in cells treated with asbestos in vitro;
and proteins associated with cell adhesion were also upregulated (122).

The role of the tumor suppressor genes was studied mostly in human
mesotheliomas and derived cell lines, as recently reviewed (123).
Homozygous loss of the p16 INK4 locus was found in the tumor cells,
and alteration of p16INK4a appears to play a critical role in mesothelial
cell tumorigenesis. Alterations of the p16(INK4) locus were found in
about one third of human malignant mesothelioma specimens (124). It
was concluded that the available data suggest that alteration of either
product of the CDKN2A locus, i.e., p14ARF or p16INK4a, contributes to the
pathogenesis of mesothelioma (123).

Wild-type p53 was detected in human mesothelioma-derived cell
lines at levels about four times higher than in human fibroblasts (125).
In rat mesotheliomas induced by erionite or asbestos and in cell lines
derived from spontaneous or induced rat mesotheliomas, p53 was
found to be rarely mutated (126). The role of p53 was discussed above
in relation to mesothelioma induction in transgenic p53+/- mice.

The rat neurofibromatosis 2 (NF2) tumor suppressor gene was 
found to be mutated in 40% of human mesotheliomas; in contrast, rat
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mesotheliomas and derived cell lines showed no DNA sequence alter-
ations, suggesting a different role of this gene between human and rat
asbestos-induced mesotheliomas (127).

Cells derived from the appropriate animal models, such as mesothe-
liomas induced by intraperitoneal injection of asbestos, were used to
identify the transcription factor AP-1 as a major target of asbestos-
induced signaling pathways, and the induction of c-fos and c-jun
mRNAs in rat pleural mesothelial cells early after exposure to carcino-
genic fibers (128). The AP-1–dependent member of the fos family of
proto-oncogenes, fra-1, was recently identified as a factor required for
asbestos-induced transformation of mesothelial cells through the extra-
cellular signal-regulated kinase – mitogen-activated protein kinase
(ERK-MAPK) cascade (129). The multifunctional cytokine interleukin-
6 (IL-6) was shown to be an autocrine growth factor for normal human
pleural mesothelial cells and to be expressed together with mRNA for
the transmembrane components of the IL-6 receptor complex, i.e., the
IL-6 binding molecule, gp80, and the signaling molecule, gpl30 (130).
The interconnections of the pathways of the IL-6 complex, the AP-1 and
other transcription factors, and the redox-sensitive pathways were
pointed out (131). The role of several growth factors, including platelet-
derived growth factor (PDGF), has been considered (132). In murine
peritoneal mesotheliomas, a profound downregulation of lymphocyte
surface markers was found in tumor-infiltrating lymphocytes; signifi-
cant amounts of transforming growth factor (TGF)-b, IL-6, IL-1, and of
tumor necrosis factor (TNF)-a were produced by the mesothelioma
cells (133,134).

Two recent studies evaluated the expression of transmembrane adhe-
sion molecules in human mesotheliomas and in other tumor types.
Comparing epithelial-type cadherin (E-cadherin), E-selectin and vas-
cular cell adhesion molecule (VCAM) in mesotheliomas and peripheral
pulmonary adenocarcinomas, it was found that only E-cadherin
showed a significant difference of expression: highly positive in the
adenocarcinomas, but negative or weak in the mesotheliomas (135). In
a study on 20 human diffuse mesotheliomas (16 epithelioid and four
sarcomatous), compared with other tumors, E-cadherin was found 
positive in 4/20 (20%) and neural-type cadherin in 14/20 (70%), and
immunoreactivity was observed mainly in epithelioid-shaped tumor
cells (136). Whether this marker for differential diagnosis is appli-
cable to the various animal models of mesothelioma remains to be 
determined.

Several of these signaling and transcription pathways are related to
conditions involving chronic inflammation and fibrosis, and have been
studied also for silica-induced pathology (104). Their specificity in rela-
tion to mesothelioma induction remains to be further defined.

The concept of “pathway pathology” was recently proposed to refer
to different pathways of signaling molecules and transcription factors
linked to specific morphologic patterns in the corresponding tumor
pathology (137). Such criteria of molecular pathway identification
could be applied to the study of tumors of different etiologies; they
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would become pointers to the causative agents and mechanisms of 
different groups of tumors, and could be termed “pathway etio-
pathogenesis” (104). The critical differences in the pathology of
mesotheliomas induced in hamsters by intrapleural injection of either
asbestos or SV40, cited above (106), could be a fruitful case study for
both of these approaches to molecular pathways.

Conclusion

This review of in vivo animal models of mesothelioma shows that in
the 40 years since their first development they have provided solid evi-
dence for the experimental induction of mesothelioma by a variety of
carcinogenic agents, most prominently fibrous minerals, and by some
viruses, especially SV40, which was first identified by animal tests as
a specific etiologic agent of mesothelioma. The close similarity of
histopathology in the animal models and in human mesotheliomas has
strengthened their usefulness for mechanism studies. Variations in sus-
ceptibility to mesothelioma induction by species, strain, sex, route of
exposure, and site of origin offer a choice of animal models for mech-
anism studies. The high susceptibility of hamsters versus rats, male
versus female rats, and of peritoneal and especially testicular mesothe-
lium in rats, demonstrated in a number of studies with different agents,
could be used to investigate the underlying mechanisms.

The recent expansion of our knowledge of molecular pathways
involved in carcinogenesis opens up a remarkable opportunity for a
better definition of the relationships of specific etiologic factors and
cofactors and induced tumor types. The development of in vitro cellu-
lar models, derived from established in vivo models, both human and
animal, allows further comparative investigations. One wishes to see a
greater development of animal models addressed to specific mecha-
nisms and pathways. The recent study of mesothelioma in p53
transgenic mice (64) provides a stimulating example. Transgenic and
gene-deleted (knockout) animal models offer further opportunities 
to explore molecular mechanisms and pathways, and to evaluate their
relevance for conditions of genetic susceptibility, tumor biology, and
potential tumor therapy.
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Mesothelial and Mesothelioma 

Cell Lines
Agnes B. Kane

Primary Mesothelial Cell Lines

Primary cultures of mesothelial cells have been established from rats,
rabbits, mice, and humans (Table 5.1). Mesothelial cell lines provide
several advantages for experimental studies: they provide a large
number of cells isolated from a single donor, cell lines can be isolated
from genetically engineered mice, and primary cell lines limit the
number of animals required for experiments. However, cell lines have
several disadvantages: variability among donors, variability in culture
conditions in different laboratories, potential phenotypic and genetic
instability, and a limited life span in vitro (reviewed in ref. 1). Some of
these disadvantages can be overcome by quality control procedures.
For example, cell lines should not be passaged indefinitely; frozen
stocks should be maintained and thawed at regular intervals to prevent
phenotypic and genetic instability (reviewed in ref. 2). As in all cell cul-
ture models, precautions are required to prevent cross-contamination
and contamination with bacteria or viruses. DNA profiles could be use-
ful to identify cell lines; for example Manning et al (3) established initial
genetic profiles for their panel of human malignant mesothelioma cell
lines. All cultures should be screened for Mycoplasma and other
pathogens (2).

Technical details regarding primary human mesothelial cell cultures
have been summarized by Versnel et al (1) and Gerwin (4). Briefly,
primary human mesothelial cells require enriched culture media sup-
plemented with 10% to 20% fetal bovine serum, exogenous growth
factors [usually epidermal growth factor (EGF)], insulin, transferrin,
and hydrocortisone. Rabbit, mouse, and rat primary mesothelial cells
require similar growth conditions, with the important exception that
growth of rat pleural mesothelial cells is inhibited by EGF. As reviewed
by Walker et al (5), there are additional differences in expression of
growth factors and their receptors between human and rat mesothelial
cells (6). Differences in growth factor responses have been described in
primary human mesothelial cell cultures derived from different donors
(7).
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Mesothelial cell cultures have been characterized by morphology,
electron microscopy, immunocytochemistry, and cytogenetics (1,8).
Although mesothelial cells can form monolayers with epithelial mor-
phology, this growth pattern can be altered in vitro as described below.
At the ultrastructural level, mesothelial cells typically show surface
microvilli, abundant mitochondria, extensive rough endoplasmic retic-
ulum, perinuclear intermediate filaments, desmosomes, and tight junc-
tions (9). Immunocytochemistry is useful to confirm expression of
markers specific for mesothelial cells, especially coexpression of inter-
mediate filaments, keratin, and vimentin (10) and expression of the
Wilms’ tumor suppressor gene, WT1 (11). These markers are also useful
for the immunohistochemical diagnosis of human malignant mesothe-
liomas (12,13). Cytogenetic studies of human mesothelial cell lines
reveal a normal karyotype that may acquire abnormalities after several
passages (1). One primary murine mesothelial cell line has been
reported that spontaneously acquired a point mutation in exon 5 of 
the p53 tumor suppressor gene. This mutation increased growth rate 
in vitro; however, it did not confer tumorigenicity (14).

Primary cell lines provide a valuable model to study the cell biology
and differentiation of normal mesothelial cells. Primary cultures have
also been used to investigate the toxicologic effects of asbestos and
man-made mineral fibers (15). The responses of mesothelial cells to
various growth factors and cytokines are discussed in Chapter 7.

The mesothelium is derived embryologically from the mesoderm. At
approximately embryonic day 7.5 in the mouse, epithelial cells undergo
mesenchymal differentiation to form the mesoderm cell layer. This
morphologic differentiation is governed by transcription factors snail
and slug that modulate expression of cadherins and cytoskeletal pro-
teins characteristic of mature mesothelial cells (16,17). In response to
mechanical injury, peritoneal dialysis, or chronic inflammation,
mesothelial cells also revert from an epithelial to a mesenchymal phe-
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Table 5.1. Primary mesothelial cell lines
Source Isolation procedure Reference

Human pericardial None Castor and Naylor (53)
effusion

Rat parietal pleura Mechanical scraping Thiollet et al (54)
Bermudez et al (9)

Rabbit pleura Mechanical scraping or Antony et al (55)
enzymatic digestion

Mouse parietal Enzymatic digestion Cistulli et al (14)
peritoneum

Human omentum Enzymatic digestion Stylianou et al (56)
Yáñez-Mó et al (18)

Human peritoneal Plating overnight Wu et al (20)
effusion Jonjic et al (57)

Human pleural Plating overnight Reviewed in Versnel
effusion et al (1) and in

Lechner et al (7)
Human peritoneal Centrifugation Yáñez-Mó et al (18)

dialysis effluent



notype. This transdifferentiation is termed the epithelial-mesenchymal
transition (18) and has been investigated in primary cultures of human
mesothelial cells isolated from reactive peritoneal effusions or dialysis
effluent (Table 5.1). In these pathologic conditions, human mesothelial
cells detach from the mesothelial monolayer and survive in suspension.
When these reactive mesothelial cells are placed in monolayer culture,
they express epithelial or mesenchymal phenotypes (18,19). Wu et al
(20) first characterized the expression of cytoskeletal proteins includ-
ing actin, vimentin, and several cytokeratins by mesothelial cells iso-
lated from ascitic fluid. Modulation of the epithelial phenotype in vitro
depended on culture conditions: serum, EGF, and hydrocortisone
induced a mesenchymal phenotype (21), while supplementation with
retinoic acid induced an epithelial phenotype (22). The epithelial–
mesenchymal transition of reactive human mesothelial cells in vitro is
characterized by reduced expression of some cell surface proteoglycans
(syndecan-4, glypican-1), the WT1 tumor suppressor gene (19), and
decreased expression of E cadherin in parellel with expression of the
transcription factor snail (18). Transdifferentiation of omental meso-
thelial cells in vitro was also induced by mechanical wounding of
mesothelial monolayers or by exposure to the inflammatory mediators,
transforming growth factor-b1 (TGF-b1) or interleukin-1b (IL-1b) (18).

Mesothelial cells are sensitive target for transformation by asbestos
fibers. The biologic basis for this increased sensitivity is unknown.
Studies conducted with cell culture models have provided evidence
that the iron-catalyzed generation of reactive oxygen species is a plau-
sible mechanism for asbestos carcinogenicity (23). Reactive oxygen
species have been implicated in asbestos-induced apoptosis (24,25),
chromosomal damage (26), oxidative DNA damage (27), and DNA
strand breaks (28) in human and rat pleural mesothelial cells. Varia-
tions in antioxidant defense mechanisms have been hypothesized to
contribute to pulmonary disease induced by fibers and particulates
(29). The antioxidant defense pathways of primary rat pleural mesothe-
lial cells have been characterized in detail; these cultures have low 
catalase activity and depend primarily on the glutathione pathway 
for protection against oxidant stress (30). These mechanistic studies
suggest that mesothelial cells are highly susceptible to DNA and chro-
mosomal damage in response to asbestos exposure. Mesothelial cells
with asbestos-induced DNA damage that escape apoptosis may be pre-
cursors for the development of malignant mesothelioma (24).

In Vitro Transformation of Mesothelial Cells

In vitro models of cell transformation have been developed to assess
the ability of viral, physical, or chemical agents to induce immortal-
ization and transformation of target cells (reviewed in ref. 31). Primary
cultures of rat pleural mesothelial cells have been used to investigate
the ability of chrysotile asbestos fibers to induce colony formation 
and tumorigenicity (Table 5.2). Unfortunately, rodent cells, including
mesothelial cells, become spontaneously immortalized at late passages.
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In two rat mesothelial models, these spontaneously immortalized 
cultures showed disorganized growth, loss of contact inhibition,
decreased doubling times, and growth in soft agar. In both models,
immortalized cell populations became aneuploid with trisomy of chro-
mosome 1 (32,33). Late passages of spontaneously immortalized rat
pleural mesothelial cells were tumorigenic after subcutaneous injection
in nude mice (32). Single or repeated exposures of rat pleural mesothe-
lial cells to chrysotile asbestos fibers induced in vitro transformation
and tumorigenicity at earlier passages (32). In contrast to rodent meso-
thelial cells, human mesothelial cells stop dividing after 15 (34) to 55
(35) population doublings and do not immortalize spontaneously.
Exposure of human pleural mesothelial cells to crocidolite asbestos
fibers is toxic and does not induce transformation in vitro (36). Human
peritoneal cells can be induced to proliferate indefinitely (greater than
100 population doublings) by transfection with hTERT, the catalytic
subunit of telomerase. These immortalized cultures are still dependent
on EGF, hydrocortisone, or serum for growth and do not show mor-
phologic characteristics of transformed cells (35).

Cell transformation models are valuable tools to identify specific
genes responsible for immortalization and tumorigenicity. Initial
studies using rodent fibroblasts identified at least two collaborating
oncogenes (e.g., ras and myc) that were required for in vitro transfor-
mation (37). In contrast, human cells cannot be fully transformed by
these collaborating oncogenes unless exposed to chemical or physical
carcinogenic agents (reviewed in ref. 38). Human peritoneal mesothe-
lial cells transfected with activated H-ras oncogene show characteris-
tics of transformed cells; however, they are not tumorigenic when
injected subcutaneously in nude mice (39). A human pleural mesothe-
lial line (Met5A) was stably immortalized by simian virus 40 (SV40)
early region that encoded large-tumor antigen; these cells formed
colonies in vitro and were hypodiploid with multiple chromosomal
abnormalities but they are not tumorigenic (34). However, Met5A cells
transfected with activated H-ras oncogene were tumorigenic in nude
mice (40).

With the recent discovery of SV40 viral DNA sequences in human
malignant mesotheliomas (see Chapter 3), additional assays have been
conducted to investigate specific genes required for in vitro trans-
formation of human pleural mesothelial cells (Table 5.2). Human 
peritoneal mesothelial cells appear to be more susceptible to transfor-
mation by SV40 large-tumor antigen (41) than pleural mesothelial cells
(36). Human pleural mesothelial cells immortalized by transfection of
hTERT show in vitro transformation by SV40 large-T and small-t anti-
gens or by SV40 small-t antigen plus activated H-ras oncogene (42).
Crocidolite asbestos in combination with SV40 large-tumor or large-
tumor and small-tumor antigens induced in vitro transformation and
clonal chromosomal aberrations (36).

Most tumor cells, including human malignant mesotheliomas, show
a common set of characteristics: autonomous cell growth, resistance to
growth-inhibitory signals, evasion of apoptosis, indefinite proliferation
potential, angiogenesis, and invasion and metastasis (reviewed in ref.
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43). Most tumor cell lines, including rodent and human mesothelioma
cell lines (reviewed below and in Chapter 6) show multiple genetic
alterations and genetic instability that may have enabled tumor cells to
acquire these characteristics. Numerous in vitro studies using rodent
or human mesothelial cell lines exposed to asbestos fibers have demon-
strated their genotoxic and clastogenic activities (reviewed in ref. 44).
In these in vitro cell transformation models, rat and human mesothe-
lial cells exposed to asbestos fibers also show chromosomal damage
(32,34,36). It is hypothesized that reactive oxygen species generated in
response to asbestos fibers induce chromosomal or genetic instability
that enables subsequent immortalization and transformation by re-
expression of hTERT, SV40 large-tumor and small-tumor antigens, and
activation of intracellular signaling pathways (reviewed in Chapter 2).
Most of these genetic changes that have been defined as the minimal
requirements for transformation of human cells (38) are also found in
human malignant mesotheliomas. For example, telomerase activity has
been detected in human pleural mesotheliomas (45,46). Inactivation of
the pRB growth inhibitory pathway by SV40 large-tumor antigen or
deletion of the p16 tumor suppressor gene has been described in human
and murine mesothelioma cell lines. The p53 tumor suppressor gene
that controls cell cycle checkpoints and apoptosis is inactivated by SV40
large-tumor antigen. Silencing and deletion of the p14 or p19ARF tumor
suppressor genes have been found in both human and murine
mesothelioma cell lines (reviewed in Chapter 6). Finally, exposure of
mesothelial cells to asbestos fibers in vitro activates multiple cell sig-
naling pathways leading to sustained cell proliferation (as described in
Chapter 2).

Malignant Mesothelioma Cell Lines

Cell lines have been derived from rodent (Table 5.3) or human malig-
nant mesotheliomas (Table 5.4). Most of the rodent cell lines were
derived after direct intrapleural or intraperitoneal injection of asbestos
fibers; no cell lines have been isolated from rodents exposed to fibers
by inhalation. Despite the unnatural route of delivery, these rodent
malignant mesotheliomas produced by direct injection of fibers closely
resemble human malignant mesotheliomas with respect to their mor-
phology, pattern of growth, and natural history (reviewed in ref. 47).
A limited number of molecular studies have been carried out with
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Table 5.3. Rodent malignant mesothelioma cell lines
Source Exposure Reference

Rat peritoneum Crocidolite asbestos Gormley et al (58)
Rat pleura Crocidolite asbestos Whitaker et al (59)
Rat peritoneum Chrysotile or crocidolite Craighead et al (8)

asbestos
Rat peritoneum Spontaneous Funaki et al (33)
Mouse peritoneum Crocidolite asbestos Davis et al (60)
Mouse peritoneum Crocidolite asbestos Goodglick et al (51)



rodent malignant mesothelioma cell lines; in general, the murine cell
lines resemble human mesothelioma cell lines with respect to common
alterations in tumor suppressor genes, especially deletions of p16 and
p19ARF (reviewed in ref. 48). Rodent and human malignant mesothe-
lioma cell lines are important for testing of novel therapeutic strategies.

There are several caveats in using mesothelioma cell lines to inves-
tigate the pathogenesis of diffuse malignant mesothelioma. First, most
of the available rodent and human malignant cell lines have been
derived from malignant tumors. These malignant cell lines represent
the end point in the neoplastic process and provide limited informa-
tion about the molecular events involved in earlier stages of tumor
development and progression (47). Second, rodent cells are more easily
immortalized than human cells. Immortalized human cell lines and
most malignant cell lines have acquired expression of telomerase. In
contrast, in most adult mouse tissues, telomerase is expressed consti-
tutively. Third, fewer genetic changes are required to induce cancer in
murine models in comparison to human cancers (reviewed in 38).
Newer genetically engineered mice may be developed to replicate more
closely the molecular alterations found in human malignant mesothe-
liomas. Finally, cell lines propagated as monolayers in vitro do not rep-
resent the complex tumor microenvironment in vivo (49,50). Growth of
mesothelioma cell lines as spheroids or cocultured with stromal cells
would more accurately model tumors in situ. We have developed an
in-vivo, ex-vivo approach to study the molecular pathogenesis of
malignant mesothelioma induced by direct intraperitoneal injection of
crocidolite asbestos fibers in mice. Mesothelial cell lines were derived
from mice at various intervals in the development of these tumors rep-
resenting reactive, preneoplastic, or neoplastic mesothelial cells (51).
We used complementary DNA (cDNA) microarrays (52) to develop
gene expression profiles of these murine mesothelial cell lines. Upreg-
ulation of genes involved in signal transduction and cell proliferation
was found in preneoplastic mesothelial cell lines. Neoplastic mesothe-
lial cell overexpressed genes involved in cell proliferation, altered cell
cycle regulation, and resistance to apoptosis. It is hypothesized that
additional genes are upregulated at later stages in the development of
malignant mesothelioma that allow these tumors to induce angiogen-
esis and invade (Fig. 5.1). The importance of these genetic alterations
in the pathogenesis of mesotheliomas can be assessed using genetically
engineered mice as described in Chapter 4.
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Table 5.4. Human malignant mesothelioma cell lines
Source Reference

Pleural effusions or biopsies Gerwin et al (6)
Pleural effusions, biopsies, or tumors Versnel et al (61)

Demetri et al (62)
Pleural effusions or biopsies Pelin-Enlund et al (63)
Pleural effusions Manning et al (3)
Pleural effusions or biopsies Schmitter et al (64)
Pleural biopsies Taguchi et al (65)
Pleural effusions or biopsies Zeng et al (66)

Pass et al (68)
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6
Cytogenetics of Malignant

Mesothelioma
Sinoula Apostolou, Binaifer R. Balsara, and Joseph R. Testa

Pleural malignant mesotheliomas (MMs) are aggressive tumors that
generally affect individuals older than 50 years of age and occur more
frequently in men than in women (1). They are derived from mesothe-
lial cells lining the pleural, pericardial, and peritoneal cavities. Approx-
imately 3000 patients are diagnosed with MM in the United States each
year. Its frequency is increasing worldwide, and this trend is expected
to continue until the year 2020 (2). The increasing incidence of MM 
over the past 40 years is a reflection of exposure to asbestos fibers in
industrialized countries, particularly in connection with the mining
and shipyard industries (2). Epidemiologic studies have established
that exposure to asbestos fibers is associated with about 80% of the
cases (3); however, recent studies have implicated simian virus 40
(SV40) in the etiology of some MMs (reviewed in refs. 4–6).

Malignant mesothelioma is characterized by a long latency of 20 to 40
years between exposure to asbestos and tumor development, indicating
that multiple somatic genetic alterations may be required for tumori-
genic conversion of a normal mesothelial cell. Early evidence to support
this idea was provided by karyotypic analyses, which revealed multiple
cytogenetic alterations in most human MMs (reviewed in ref. 7). Specific
chromosomal changes are not shared by all MMs; however, several
prominent sites of chromosomal loss have been identified in this malig-
nancy. Tumor suppressor genes (TSGs) located in these deleted chromo-
somal regions may be responsible for the tumorigenic conversion of
mesothelial cells, and recent studies have begun to identify the specific
TSGs that contribute to the development and progression of MM. This
chapter presents an overview of recurrent chromosomal imbalances and
molecular genetic alterations characteristic of this malignancy.

Cytogenetic Assessment of Malignant Mesotheliomas

Chromosome banding techniques have revealed that most MMs have
complex karyotypes (reviewed in refs. 7 and 8). Karyotypes of 39 MMs
(9,10) have repeatedly exhibited extensive aneuploidy and structural
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rearrangements of various chromosomes, particularly the short (p)
arms of chromosomes 1, 3, and 9, and the long (q) arm of chromosome
6. Loss of one copy of chromosome 22 is the single most consistent
numerical change seen in MMs. Losses or rearrangements of chromo-
somes 4, 14, and 17 and gain of chromosome 7 also have been com-
monly observed. Deletions and unbalanced rearrangements accounted
for overlapping losses from the chromosome region 1p21-22 in 32 of 
39 (82%) cases. Twenty-five of 39 (64%) MMs possessed interstitial 
deletions or other rearrangements resulting in losses from 3p21.
Twenty cases (51%) showed losses from 6q, with the shortest region of
overlap (SRO) being 6q15-21. Losses involving 9p were detected in 31
(79%) cases, with the SRO being 9p21-22. Loss or relative deficiency of
chromosome 17 was observed in 11 of 39 (28%) cases. Loss of a copy
of chromosome 22 was documented in 26 cases (67%). These recurrent
losses of 1p, 3p, 6q, 9p, 17p, and 22 frequently occurred in combination
in a given tumor. The complexity of the cytogenetic alterations
observed suggest the emergence of tumor progression-associated
changes. However, since cytogenetic data do not exist for early neo-
plastic/preneoplastic lesions of the mesothelium, it is not possible to
discriminate between alterations associated with initiation and those
associated with progression of the disease. However, the accumulated
losses of DNA sequences from chromosomes 1p, 3p, 6q, 9p, 17p, and
22 appear to play a significant role in the pathogenesis of MM.

Comparative genomic hybridization (CGH) analysis has also re-
vealed recurrent genomic imbalances in MM. Comparative genomic
hybridization to metaphase chromosomes is a DNA-based, molecular
cytogenetic technique that facilitates the identification of chromosome
imbalances within the entire tumor genome in a single experiment. 
The CGH analyses were performed on 24 MM cell lines derived from
patients from the United States (11); each of these cell lines exhibited
numerous (6 to 25) genomic imbalances. Loss of 22q, documented in
14 of 24 (58%) cell lines, was the most prominent alteration. Also in
agreement with earlier karyotypic findings, losses of 1p, 3p, 6q, and 
9p were common, with each being detected in about 30% to 40% of 
cell lines. Moreover, the metaphase-CGH analysis uncovered other
recurrent chromosome losses not highlighted by previous karyotypic
studies. In particular, 13 of 24 MMs (54%) showed losses of part or all
of 15q, with the SRO being 15q11.1-21. Additionally, losses of 14q24.2-
qter and 13q12-14 were each observed in 42% of the cell lines. The most
frequently overrepresented chromosomal arm was 5p (54% of cases),
suggesting the involvement of a putative oncogene(s) in this region.

Many of the common genomic imbalances identified in MM cases
from the United States were also detected in a series of MM speci-
mens from Finland (12,13). Prominent among the recurrent alterations
detected were losses of chromosome arms 4q, 6q, 9p, 13q, 14q, and 22q.
However, three prominent imbalances in the series of MMs from the
United States, i.e., losses of 15q11-21, 8p21-pter, and 3p21, were each
observed in only one of 42 of the Finnish cases. Such variation between
the data from Finland and from the United States may reflect dissimi-
larities in the type of asbestos exposure or genetic differences in the
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study populations. Alternatively, such discrepancies may be related to
the presence of SV40 in MMs from the United States and the absence
of SV40 in MMs from Finland (14).

A recent study reported genomic imbalances in 77 MM tumors (15).
Common losses clustered at 1p, 3p, 4p, 4q, 6q, 9p, 13q, 14q, and 22q.
Abnormalities observed were similar to the ones reported in our study
with the three most common changes being loss of 9p21, 4q31-32 and
22q, each observed in about 30% to 35% of cases. While there were
many similarities in the frequencies of various genomic imbalances
between epithelioid and sarcomatoid MMs, several chromosomal loca-
tions (3p, 7q, 15q, 17p) showed significant variations (15). Deletion 
at 3p21 was common in epithelioid tumors but rare in sarcomatoid 
and biphasic tumors. Similarly, loss of 17p was common in epithelioid
tumors (25%) but was present in only 4% of sarcomatoid tumors. Loss
of 7q, which is associated with poor prognosis in other tumor types,
was observed in ~20% of sarcomatoid MMs but was not observed in
epithelioid cases (15). Likewise, losses of 15q14-15 were seen in 20% of
sarcomatoid tumors but not in epithelioid types. Moreover, the inci-
dence of amplicons was four- to fivefold higher in sarcomatoid than in
epithelioid MMs. Figure 6.1 summarizes CGH findings on 166 primary
MM specimens and cell lines reported to date in five separate series
from the United States and Europe (11–13,15,16).

Deletion Mapping of Recurrent Chromosomal Losses

As an initial approach for the isolation of putative TSGs important in
the development or progression of MM, the frequently deleted regions
defined by cytogenetic studies, i.e., 1p, 3p, 4p/q, 6q, 9p, 13q, 14q, 15q,
17p, and 22q, have been mapped at the molecular genetic level by loss
of heterozygosity (LOH) analysis using polymorphic DNA markers
(Table 6.1). Loss of heterozygosity is the most common type of somatic
genetic alteration found in solid tumors. It occurs as a consequence of
interstitial deletions, aneuploidy, or aberrant mitotic recombinational
events (17,18), and implicates the presence of a recessive mutation in
the remaining allele of a TSG located within the affected region of the
genome (19). The recurrent genomic losses observed in MMs are con-
sistent with the probability of a recessive mechanism of oncogenesis.
Results of these investigations have been reviewed in detail elsewhere
(7,8) and are briefly summarized below.

Chromosome 1p22

To map the critically deleted segment of 1p, LOH analyses were per-
formed on 50 MMs using an extensive panel of microsatellite markers
distributed throughout the short arm of chromosome 1 (20). Allelic
losses at 1p21-22 were detected in 36 cases (72%), and the SRO was 
a 4-cM (centimorgan) segment within 1p22. The involvement of 
BCL10 (17), a gene located at 1p22 that encodes a protein containing 
an N-terminus caspase recruitment domain homologous to the motif
found in several regulatory and effector apoptotic molecules, was

S. Apostolou et al 103



104 Chapter 6 Cytogenetics of Malignant Mesothelioma

Figure 6.1. Bar plot of genomic imbalances observed in 166 primary malignant
mesothelioma (MM) specimens and MM cell lines reported in the literature.
Gains and losses are plotted for every chromosome band. Individual chromo-
somes are designated in the middle of the bar plot. The most frequent sites of
chromosome loss (left) and gain (right) are as indicated.

Table 6.1. Summary of allelic losses and tumor suppressor genes
associated with multistep tumorigenesis in human malignant
mesothelioma
Chromosome region Incidence of allelic loss Tumor suppressor genes

1p22 72%1 —
3p21.3 63%1 RASSF1A
4p15 >50%2 —
4q25–34 60%–80%2 —
6q14–25 60%1 —
9p21 83%1,4 p16INK4a, p14ARF

13q13.2–14.2 67%1 —
14q 43%1 —
15q15 48%1 —
17p13 40%3 TP53
22q12 72%1 NF2
1 Percentages shown reflect incidence of allelic loss observed in MM cell lines examined
by the authors. Note: Each of these common sites of allelic loss was confirmed in a subset
of cases for which corresponding tumor tissue was available.
2 Allelic loss observed in MM tumor specimens examined by Shivapurkar et al (28).
3 S.C. Jhanwar, personal communication.
4 At CDKN2A/ARF locus, 85% of cell lines exhibited homozygous losses.



investigated in 50 MM cell lines (21). Mutations of BCL10 were initially
identified in mucosa-associated lymphoid tissue (MALT) lymphomas
and other tumors including tumor cell lines derived from several MMs
(22). Our reverse-transcription polymerase chain reaction (RT-PCR)
analyses demonstrated that all MM cell lines and normal mesothelial
cells examined expressed BCL10 at similar levels. Sequence analyses
revealed several nucleotide alterations in MM samples that were also
observed in a panel of 50 genomic DNA samples from healthy donors,
indicating that the nucleotide differences seen in MM represented poly-
morphisms and not mutations.

Chromosome 3p21

Chromosome 3p is a common site of allelic loss in MM (23,24). The
LOH from 3p was detected in 15 of 24 (63%) MMs we examined (23).
The highest frequency of allelic loss was at 3p21.3. Losses from this
region have also been reported in other malignancies, particularly lung
tumors, suggesting that perturbation of a TSG(s) located at this site
may play a role in the development of multiple tumor types. The nature
of the TSG(s) located in this region is unknown, although a homozy-
gous deletion of the beta-catenin gene (CTNNB1), located at 3p21.3,
was reported in one MM cell line (25). The remaining nine MM cell
lines and tumor specimens did not display deletions or aberrant
expression of CTNNB1. Another study has revealed frequent epigenetic
inactivation of a RAS association domain family protein from the lung
tumor suppressor locus 3p21.3 (26). The RAS effector homologue,
RASSF1, is located in a 120-kilobase (kb) region of minimal homozy-
gous deletion observed in some lung carcinomas. Three RASSF1 tran-
scripts have been identified, one of which (transcript A) was missing
in all small cell lung cancers examined (26). Loss of expression was cor-
related with methylation of the CpG-island promoter sequence of
RASSF1A. The promoter region of this putative TSG is frequently
methylated in MM, and its methylation is correlated with loss of
RASSF1A expression and the presence of SV40 (27).

Chromosome 4

Frequent losses of chromosome 4 in both MMs and lung carcinomas
have been reported (28). Three nonoverlapping regions of chromoso-
mal loss were identified—4q33-34, 4q25-26, and 4p15.1-15.3—suggest-
ing that several TSGs localized to chromosome 4 may contribute to the
pathogenesis of MM.

Chromosome 6q14-25

The LOH analysis of 6q in MMs revealed a complex pattern of allelic
loss (29). The LOH at 6q was demonstrated in 28 of 46 MMs (61%), and
deletions fell into several discrete regions including 6q14-21, 6q16.3-21,
6q21-23.2, and 6q25. Multiple nonoverlapping regions of 6q loss 
have also been described in other types of malignancy, such as non-
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Hodgkin’s lymphoma, suggesting that several putative TSG(s) in 6q
may play a role in the development of multiple tumor types.

Chromosome 9p21

Homozygous deletions of the tumor suppressor gene p16INK4a, localized
within chromosome 9p21, occurr at high frequencies in cell lines
derived from various types of cancer (30). p16INK4a encodes a protein
capable of binding to the cyclin-dependent kinase CDK4, which
thereby inhibits the catalytic activity of the CDK4/cyclin D enzymes.
To assess the possible involvement of p16INK4a in MM, deletion mapping
was performed on 40 MM cell lines (31); 34 (85%) of these cell lines 
possessed homozygous deletions of one or more p16INK4a exons and
another had a point mutation in p16INK4a. Downregulation of p16INK4a

was observed in four of the remaining cell lines. Homozygous dele-
tions of p16INK4a were identified in five of 23 (22%) MM tumor speci-
mens. Moreover, abnormal expression of p16INK4a was also reported in
all 12 MM specimens and all 15 MM-derived cell lines examined by
immunohistochemistry (32). In xenograft experiments, reexpression of
p16INK4a in MM cells resulted in cell-cycle arrest and cell death, as well
as inhibition of tumor formation or diminished tumor size (33).

In many cases, homozygous deletions of the CDKN2A/ARF locus,
which encodes the alternative TSG products p16INK4a and p14ARF, also
leads to inactivation of p14ARF, since p16INK4a and p14ARF share exons 2
and 3, although their reading frames differ. Thirty-six of our 40 MM
cell lines showed homozygous deletions of one or more p14ARF exons.
p14ARF is essential for the activation of p53 in response to the action of
certain oncogene products such as Ras (34). The p16INK4a product, on
the other hand, induces cell cycle arrest by inhibiting the phosphory-
lation of the retinoblastoma protein, pRb. Therefore, homozygous loss
of p14ARF and p16INK4a would collectively affect both p53- and pRb-
dependent growth regulatory pathways, respectively. Interestingly, in
vitro work has demonstrated that adenovirus-mediated transfer of
p14ARF in MM cell lines induces G1 arrest and apoptotic cell death (35),
supporting the notion that both products of the CDKN2A/ARF locus
may contribute to the pathogenesis of MM.

Chromosomes 13q13.3-14.2 and 14q

To define the SRO of deletions from these chromosomes, we performed
LOH analyses on 30 MMs using 25 microsatellite markers mapped to
13q and 21 markers mapped to 14q (36). Twenty of 30 MMs (67%) dis-
played allelic loss of at least one marker in 13q. The SRO was delin-
eated as a 7-cM region located at 13q13.3-14.2. Thirteen of 30 MMs
(43%) displayed allelic losses from 14q, with at least three distinct
regions of LOH located at segments q11.2-13.2, q22.3-24.3, and q32.12.
These data highlight a single region of chromosomal loss in 13q in
many MMs, implicating the involvement of a TSG that is fundamental
to the pathogenesis of this malignancy. To date, two TSGs have been
identified in chromosome 13: RB1, located at 13q14, and BRCA2,
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located at 13q12-13. The LOH data suggest that these genes can be
excluded as candidates for 13q loss in MM, as they reside outside the
SRO. Moreover, loss of expression of RB1 is rare in MM (37). In com-
parison, the lower incidence and diffuse pattern of allelic losses in 14q
suggest that several TSGs localized to this chromosome arm may con-
tribute to tumorigenic progression in some MMs.

Chromosome 15q15

The CGH analyses demonstrated losses from 15q in 13 of 24 (54%) MM
cell lines examined, and LOH analyses revealed allelic losses from one
or more 15q loci in 10 of these 13 cell lines (11). The SRO was located
at 15q11.1-15. Losses involving this region have also been observed in
other types of cancer, such as metastatic tumors of the breast, lung, and
colon, suggesting that this region harbors a TSG that may contribute
to the progression of a variety of epithelial cancer types. We also per-
formed a high-density LOH analysis of 46 MMs (38). These studies
have defined a minimally deleted region of approximately 3cM, which
was established to reside at 15q15 by fluorescence in situ hybridization
analysis of probes known to map to this region.

Chromosome 17p13

Preliminary studies have demonstrated abnormalities of 17p in approx-
imately 40% of MM cell lines examined either by cytogenetics alone or
in combination with restriction fragment length polymorphism (RFLP)
analysis (S.C. Jhanwar, personal communication). The TP53 gene is
located at chromosome 17p13, and occasional mutations of TP53 have
been reported in MM (39,40).

Chromosome 22

As stated earlier, loss of a copy of chromosome 22 is a frequent occur-
rence in MM, and extensive LOH analysis of chromosome 22 in MM
has not been performed since an entire copy of chromosome 22 is lost
in most cases. Although the neurofibromatosis type 2 TSG, NF2, which
encodes merlin or schwannomin, predisposes affected individuals pri-
marily to tumors of neuroectodermal origin, somatic mutations of NF2
have occasionally been identified in apparently unrelated malignancies
(41). Although the precise function of merlin is unknown as yet, it has
been shown to play a role in cell adhesion, spreading, and motility.
Thus, NF2 loss-of-function mutations may contribute to tumor inva-
siveness and metastasis. This notion is supported by recent work
demonstrating that merlin is phosphorylated by p21-activated kinase
(Pak) (42,43), a common downstream target of Rac/cdc42, and Pak is
known to regulate motility in mammalian cells (44).

Our mutational studies of NF2 in MM revealed nucleotide mutations
in 8 of 15 (53%) cell lines (41). The mutations, which included deletions
and insertions and one nonsense mutation, predicted truncated forms
of the NF2 protein. Similar results were reported by Sekido et al (45),
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who detected somatic mutations in one MM specimen and in 7 of 17
(41%) MM cell lines. In our study, the mutations observed in comple-
mentary DNAs (cDNAs) from MM cell lines were confirmed in
genomic DNA from six matched primary tumor specimens (41). The
two cDNA alterations that could not be confirmed by genomic analy-
sis were both splicing related: i.e., deletion of exon 10 in one cell line,
and a 43-bp insertion between exons 13 and 14 in the other.

In a follow-up investigation, we detected mutations in the NF2
coding region in 12 of 23 (52%) additional MM cell lines (46). Western
blot analyses revealed loss of merlin expression in each of the 12 cell
lines exhibiting alterations of the NF2 gene. In addition, two cell lines
from our earlier study, which lacked NF2 expression and possessed
NF2 mutations, were also examined. The LOH analyses were per-
formed on 25 MM cell lines using two polymorphic DNA markers
residing at or near the NF2 locus in chromosome 22q12. Eighteen of the
25 cell lines (72%) showed losses at one or both of these loci. All cases
exhibiting mutation and aberrant expression of NF2 displayed LOH,
consistent with biallelic inactivation of NF2 in MM.

Conclusion

There is now a large body of experimental and epidemiologic data in
support of the assertion that asbestos, or at least amphibole asbestos,
causes MM. The data also suggest that exposure to asbestos may not
be sufficient for MM development. Other factors, such as genetic pre-
disposition and SV40, may render some individuals more susceptible
to asbestos carcinogenicity. Cytogenetic and molecular genetic studies
indicate that MM results from the accumulation of numerous somatic
genetic events, mainly deletions, suggesting a multistep cascade involv-
ing the inactivation of multiple TSGs (Table 6.1). To date, several 
TSGs have been shown to be frequently altered in MMs, and their 
disruption would be expected to have profound consequences on the
growth and behavior of a mesothelial cell. Moreover, the critically
deleted regions identified in MM overlap with sites commonly deleted
in several other human malignancies. Thus, the identification of TSGs
in MM may be helpful in elucidating pathogenetic mechanisms impor-
tant in other more common cancers, as well. The discovery of all of the
critical somatic genetic alterations in MM and understanding how each
of them contributes to the pathogenesis of this malignancy may ulti-
mately lead to the design of more effective therapeutic strategies. The
identification of these somatic genetic changes should be facilitated by
the recent development of array-CGH, a powerful new method for
high-resolution profiling of genomic imbalances (47). This methodol-
ogy uses assembled arrays of several thousand cloned human DNA
sequences, at £1-megabase intervals, representing segments located
throughout the genome. Array-CGH permits fine mapping of genomic
imbalances encompassing known genes as opposed to the very limited
resolution (10–20 megabases) resolved by metaphase-CGH. Array-
CGH allows for rapid and reliable assessment of DNA copy number
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changes across the entire genome and could potentially lead to the
identification of novel MM genes whose products may serve as targets
for therapeutic intervention in this disease.
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7
Growth Factors and Malignant
Mesothelioma
Paola Cacciotti, Luciano Mutti, and Giovanni Gaudino 

Growth factors can act as positive or negative modulators of cell pro-
liferation, differentiation, motility, and angiogenesis. The interaction 
of these signal molecules with their membrane receptors triggers a
number of intracellular signaling pathways, resulting in the activa-
tion or repression of various subset of genes. Aberrations in these 
biochemical signals are linked to developmental abnormalities or to a
series of chronic diseases, including cancer. Tumor malignant cells 
arise as the result of a stepwise progression of genetic events, includ-
ing deregulated expression of growth factors or of molecules involved
in their signaling pathways (1).

The proliferation of normal human and rodent mesothelial cells is
regulated by exposure to several growth factors, including epidermal
growth factor (EGF) (2,3), tumor necrosis factor-a (TNF-a) (4), platelet-
derived growth factor (PDGF) (5), hepatocyte growth factor (HGF) (6),
and keratinocyte growth factor (KGF) (7).

This chapter focuses on the several growth factors expressed by
mesothelial and malignant mesothelioma cells (MMCs), and discusses
how deregulation of their biologic activities is responsible for the onset
and progression of this tumor (Table 7.1).

Epidermal Growth Factor and Its Related Molecules

Epidermal growth factor (EGF) has a profound effect on the differen-
tiation of specific cells in vivo and is a potent mitogenic factor for a
variety of cultured cells of both ectodermal and mesodermal origin.
The EGF precursor exists as a membrane-bound molecule that is 
proteolytically cleaved to generate the 53-amino acid peptide growth
factor that stimulates cells to divide (8).

Epidermal growth factor is a powerful mitogen for human mesothe-
lial cells too. Autotransphosphorylation and activation of the EGF tyro-
sine kinase receptor (EGFR) occurs after exposure to asbestos triggering
the mitogen-activated protein kinase/extracellular signal-regulated
kinase (MAPK/ERK) cascade. The MAPK activation by asbestos is
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attenuated by generic inhibitors of growth factor receptor interactions,
like suramin, as well as by tyrphostin AG 1478, a specific inhibitor 
of the EGFR tyrosine kinase activity (3). Although both asbestos-
transformed MMCs and spontaneously transformed mesothelial cells
express functional EGFRs, only cells transformed by exposure to
asbestos fibers express into conditioned medium TGF-a, a growth
factor with high affinity for EGFR (9). Interestingly, while TGF-a
inhibits the growth of spontaneously transformed mesothelial cells, it
stimulates the proliferation of asbestos-transformed cells, as demon-
strated by the inhibition of growth observed after incubation with 
neutralizing antibody raised against TGF-a. Taken together, these data
indicate that TGF-a acts as an autocrine growth factor for asbestos-
transformed rat mesothelial cells and suggest that differences in
mesothelioma etiology may be linked to differences in the molecular
alterations present in these tumors (10).

Epidermal growth factor is not only a mitogen but it may also 
play a role in the process of cell differentiation and the synthesis of 
glycosaminoglycans in mesothelial cells (11). In addition, it has been
recently demonstrated that many different growth factors including
EGF, TGF-a, amphiregulin, heparin-binding EGF, beta-cellulin (BTC),
stem cell factor, insulin-like growth factors I and II, acidic and basic
fibroblast growth factors, and HGF regulate the expression in malig-
nant mesothelioma cells of the extracellular matrix metalloproteinases
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Table 7.1. Overview of growth factors expressed by human mesothe-
lial cells (HMCs) and malignant mesothelioma cells (MMCs)
Growth factor Receptor Biologic activity in HMC and MMC

EGF EGF-R Growth, differentiation, synthesis of 
glycosaminoglycans and MMP

TGF-a EGF-R Growth
TGFb1 TGFb-R Growth, change of morphology, regulation 
TGFb2 of pleural inflammation, reduced 

T-lymphocyte infiltration
TNF-a TNFa-R Proliferation, collagen production, 
PDGF-AA acquisition of fibroblastoid morphology, 

and upregulation of the synthesis of MMP
PDGF-AB PDGFR-a Growth, motility, hyaluronan, and collagen 
PDGF-BB synthesis
PDGF-AB PDGFR-b Growth, motility, hyaluronan, and collagen 
PDGF-BB synthesis
IGF-I IGFI-R Proliferation, proteoglycan synthesis
IGF-II IGFII-R Proliferation, proteoglycan synthesis
VEGF KDR/FIt-1 Proliferation, angiogenesis
FGF-1 FGF-R Angiogenesis, synthesis of hyaluronan, and 
FGF-2 proteoglycans
HGF MET Proliferation, motility, morphology, invasion, 

and angiogenesis
EGF, epidermal growth factor; FGF, fibroblast growth factor; HGF, hepatocyte growth
factor; IGF, insulin-like growth factor; PDGF, platelet-derived growth factor; TGF, trans-
forming growth factor; TNF, tumor necrosis factor; VEGF, vascular endothelial growth
factor.



(MMPs), molecules playing a key role in tumor cell invasion and 
metastasis (12).

Transforming Growth Factor-b

Transforming growth factor-b (TGF-b) 1 and 2 are dimeric multifunc-
tional polypeptide that control proliferation, differentiation, and other
functions in many cell types. Many cells synthesize TGF-b1 and essen-
tially all of them have specific receptors for this peptide. TGF-b1 regu-
lates the actions of many other peptide growth factors and determines
a positive or negative direction of their effects.

Both TGF-b1 and -b2 are secreted by human and murine MMCs
through an autocrine mechanism. They may both reduce T-lymphocyte
infiltration into tumors and modulate malignant growth of tumor cells,
as demonstrated by experiments with antisense oligonucleotides in
vitro and in vivo (13). Moreover, TGF-b is responsible of evident mor-
phologic changes in mesothelial cells (14). Both mesothelial cells and
cells infiltrating in the pleural space can secrete TGF-a, because high
levels of this growth factor were found in pleural effusions and in
pleural tissues during disease processes. Also, TGF-b may participate
in the regulation of pleural inflammation and enhance both cell prolif-
eration and pleural fluid formation (15), partially due to induction of
vascular endothelial growth factor (VEGF) (16). Cell lines derived from
MM patients show considerably higher levels of TGF-b messenger
RNA (mRNA) expression when compared with normal mesothelial
cells. Treatment with exogenous TGF-b has no effects on growth of 
the MM cells, while the proliferation of the mesothelial cells is slightly
induced (17).

Tumor Necrosis Factor-a

Tumor necrosis factor-a (TNF-a) is a homotrimer multifunctional
proinflammatory cytokine localized in membrane belonging to the
tumor necrosis factor superfamily. It also exists as an extracellular
soluble form derived from the membrane form by proteolytic process-
ing. This cytokine is mainly secreted by macrophages that can bind 
to, and thus functions through, its receptors TNFRSF1A/TNFR1 and
TNFRSF1B/TNFBR. It is involved in the regulation of a wide spectrum
of biologic processes including cell proliferation, differentiation, apo-
ptosis, lipid metabolism, and coagulation, and has been implicated in
a variety of diseases, including autoimmune diseases, insulin resis-
tance, and cancer. Knockout studies in mice also suggested the neuro-
protective function of this cytokine.

In human mesothelial cells TNF-a induces the acquisition of fibro-
blastoid morphology and upregulates the synthesis of matrix metallo-
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proteinase-9 (MMP-9) and type I collagen, which may facilitate 
peritoneal extracellular matrix remodeling and fibrogenesis (18). Also,
TNF-a induces a significant increase in cell proliferation and collagen
production of rat pleural mesothelial cells in vitro, suggesting a role for
this molecule in healing of the pleura after tissue injury (19).

Platelet-Derived Growth Factors AA, AB, and BB

The proteins AA, BB, and AB are members of the platelet-derived
growth factor (PDGF) family and are mitogenic factors for cells of mes-
enchymal origin characterized by a motif of eight cysteines. They can
exist either as homodimers (AA and BB) or as a heterodimer (AB) sta-
bilized by disulfide bonds. The PDGF-a receptor binds all three dimeric
forms of PDGF, whereas the PDGF-b receptor binds PDGF-BB with
high affinity and PDGF-AB with lower affinity, but not PDGF-AA (20)
(Fig. 7.1). They are released by platelets upon wounding and play an
important role in stimulating adjacent cells to grow and thereby heal
the wound.

Expression of the PDGF receptor (PDGFR) has been detected both 
in normal mesothelial cells and in MMCs. However, several MMC
lines, but not normal mesothelial cells, display constitutively enhanced
expression of the c-sis (PDGF-BB) and PDGF-AA genes. This PDGF-
dependent autocrine circuit has been postulated to play a role in 
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Figure 7.1. Selective binding of platelet-derived growth factor (PDGF) ligands
(PDGF-AA, -AB, and -BB) to PDGF receptors.



the etiology of this type of malignancy (21). Several independent
studies demonstrated that normal mesothelium is responsive to 
PDGF predominantly via PDGFR-a and at lesser extent via PDGFR-b
receptor, whereas the autocrine stimulation of growth in mesothe-
lioma cells hangs on the PDGF/PDGFR-b interaction (5,22,23). The
pattern of PDGF and PDGF receptor expression in mesothelial cells
largely corresponds to expression of PDGF and its receptors in 
vitro (24).

There are two PDGF-AA transcript isoforms differing in the presence
or absence of an alternative exon-derived sequence. However, both
normal mesothelial cells and MMCs predominantly express the PDGF-
AA transcript lacking the exon-6-derived sequence, which encodes a
cell-retention signal. This means that the PDGF-AA protein is most
likely secreted by both cell types and may be involved in autocrine
growth stimulation via PDGF-a receptors in mesothelial cells. As 
well, it might also have a paracrine function if it is secreted by malig-
nant mesothelial cells that do not express the receptor. Moreover, the
enhancement of transcription seems to be the most likely mechanism
for the elevated mRNA levels of PDGF-AA gene in human malignant
mesothelioma cells (25). In addition, TGF-b1, secreted in active form 
by mesothelial cells, may play a role in the regulation of differential
PDGF-R expression, by downregulation of a still lower PDGF-a recep-
tor mRNA level in malignant mesothelioma cells (24).

Overexpression of PDGF-AA is responsible for autocrine down-
regulation of its receptor. Surprisingly, the PDGF-AA/PDGFR
autocrine loop is antiproliferative for mesothelioma cells in vitro,
whereas proliferation is stimulated by abrogation of PDGF-a expres-
sion. This suggests that PDGF-AA does not contribute to tumorigenic-
ity by the autocrine stimulation of growth. On the other hand, in vivo
PDGF-AA overexpression is associated with augmented tumorigenic-
ity, and abrogation of PDGF-AA expression decreases tumor incidence
and increases latency period to tumor formation. Thus, the tumorigenic
effect of PDGF-AA must act through paracrine mechanisms relevant 
at early stages of tumor initiation (26). The absence of alterations of
PDGF expression in rat mesothelioma, in contrast to what occurs in 
the human disease, suggests that the production of this growth factor
by transformed mesothelial cells may be a species-specific mechanism
(27).

Platelet-derived growth factor stimulates mesothelial cell prolifera-
tion in vitro and in vivo (28) as well as hyaluronan synthesis in patients
with mesothelioma, as demonstrated by partial inhibition by an anti-
serum raised against PDGF (29). Moreover, PDGF stimulates collagen
synthesis that, if combined with increased proliferation, may be impor-
tant in healing the pleura injured during the progression of the disease
(2). Finally, migration of mesothelioma cells on fibronectin, laminin, 
or collagen-type IV in response to PDGF-BB and inhibition of this 
effect after pretreatment with blocking antibodies to a3b1 integrin 
were described, suggesting that cooperation between PDGFR-b and
integrin a3b1 is necessary for the motile response of MMCs to PDGF-
BB (30).
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Insulin-Like Growth Factors

Insulin-like growth factors I and II (IGFs) are polypeptides structurally
and functionally related to insulin but having a much higher growth
and differentiation-promoting activity.

Cell lines derived from normal rat mesothelium as well as cell 
lines derived only from spontaneous rat mesotheliomas, but not from
asbestos-induced rat mesotheliomas, showed expression of RNA tran-
scripts for IGF-II. All these cell lines expressed receptors for IGF-I 
and IGF-II, as well as insulin receptors. Coexpression of IGF-II and its
cognate receptor suggests that IGF-II acts as an autocrine growth factor
in the spontaneously immortalized cells and in the cells derived from
the spontaneous rat tumors. Growth induced by IGF-II secreted into
conditioned medium can be inhibited using an IGF-II–specific antibody
in a dose-dependent manner. These data suggest that IGF-II expression
may be involved in the spontaneous alteration of rat mesothelial cells
and may function as an autocrine or paracrine growth factor to mod-
ulate the growth of these cells in vitro and in vivo. Ubiquitous expres-
sion of IGF-II by cells that have not been exposed to asbestos and the
lack of IGF-II expression by asbestos-transformed cells suggest that the
mechanisms of changes in growth factor expression differ in mesothe-
lial cells transformed by different mechanisms (31). Similar results were
also observed in vitro with IGF-I in human mesothelial cells (32). It was
also shown that the existence of stimulatory effects of IGF-I on matrix
proteoglycan synthesis was mediated via receptor-growth factor 
complexes and the protein tyrosine kinase intracellular pathway (33).
The inhibitory effect of IGF-1 receptor antisense transcripts on hamster
mesothelioma has been demonstrated by decreased growth and tu-
morigenicity in vitro and in vivo. These results may suggest interest-
ing implications for a therapy of the human mesothelioma (34).

Vascular Endothelial Growth Factor

Vascular endothelial growth factor (VEGF) is a potent angiogenic pro-
tein with a selective mitogenic effect on endothelial cells known to be
involved in many normal and pathologic processes.

Coexpression of VEGF and its receptors flt-1 and KDR has been re-
ported in samples of mesothelioma, suggesting a potential autocrine
loop for malignant pleural mesothelioma cells (35). Malignant meso-
thelioma cells produce significantly higher VEGF levels than normal
mesothelial cells, and this growth factor is found at higher levels in the
pleural effusions of MM patients than in the effusions of patients with
nonmalignant pleural disease. In addition, VEGF induces increased
proliferation of MMCs in a dose-dependent way, via activation of its
tyrosine kinase receptor, and can have an impact on patient survival,
not only by promoting angiogenesis but also by directly stimulating
tumor growth (36).

Simian virus 40 (SV40)–large-tumor antigen (Tag) expression
potently increases VEGF protein and mRNA levels in several human
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mesothelial cell (HMC) lines and concomitant expression of SV40–
small-tumor antigen (tag) enhances Tag function, suggesting that
VEGF regulation by SV40 transforming proteins can represent a key
event in SV40 signaling relevant for tumor progression (37,38). The
closely related molecule, VEGF-C, is also implicated in malignant
mesothelioma growth; VEGF-C and its cognate receptor VEGFR-3 are
coexpressed in mesothelioma cell lines, and a functional VEGF-C
autocrine growth loop was demonstrated in mesothelioma cells (39).
Moreover, human MMCs, but not normal mesothelial cells, express a
catalytically active lipoxygenases (5-LO), a key regulator of MMC pro-
liferation and survival via a VEGF-related circuit (40).

Angiogenesis is an important part of normal and pathologic pro-
cesses, including tumor growth, metastasis, inflammation, and wound
healing, and VEGF is the best known angiogenic factor, implicated in
tumor-associated microvascular hyperpermeability and carcinogene-
sis. An increased expression of VEGF was found in biphasic and 
epithelioid mesotheliomas and malignant pleural effusions. Vascular
permeability was proportionally increased with VEGF levels in the
malignant pleural effusions (41).

Fibroblast Growth Factors 1 and 2

Acidic and basic fibroblast growth factors (FGF-1 and -2) are potent
angiogenic cytokines. These proteins are members of the fibroblast
growth factor (FGF) family, and FGF family members possess broad
mitogenic and cell survival activities and are involved in a variety of
biologic processes, including embryonic development, cell growth,
morphogenesis, tissue repair, tumor growth, and invasion. These pro-
teins function as modifiers of endothelial cell migration and prolifera-
tion, as well as angiogenic factors. They act as mitogens for a variety
of mesoderm- and neuroectoderm-derived cells in vitro, and thus are
thought to be involved in organogenesis.

Their expression levels correlate significantly with a poor survival of
MM patients, supporting the assumption that selective angiogenic
cytokines might contribute to the progressive changes of mesothelioma
by tumor angiogenesis (42). The expression of angiogenic factors may
represent useful markers for diagnosis and prediction of disease
outcome. Basic fibroblast growth factor (bFGF) is a potent angiogenic
factor that promotes in vitro growth of endothelial cells and in vivo
vessel formation. It displays stimulatory effects for the synthesis of
hyaluronan and proteoglycans, via protein tyrosine kinase activity
elicited by receptor-ligand complexes through an autocrine stimulatory
mechanism (11).

Hepatocyte Growth Factor

Hepatocyte growth factor (HGF), also known as scatter factor (SF), is
a multifunctional factor involved both in development and tissue
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repair, as well as pathologic processes such as cancer and metastasis.
It is a dimer of an alpha chain and a beta chain linked by a disulfide
bonds and contains four kringle domains. It is a potent mitogen for
mature parenchymal hepatocyte cells, seems to be an hepatotrophic
factor, and acts as growth factor for a broad spectrum of tissues and
cell types. It has no detectable protease activity. It has been identified
in vivo in many types of tumors together with its tyrosine kinase recep-
tor, c-Met.

Hepatocyte growth factor and its receptor c-Met are often expressed
by normal human mesothelial cells and MMCs. Moreover, coexpres-
sion of HGF and its receptor was also observed in many samples 
of mesothelioma, suggesting that the HGF/c-Met signaling system
may play a role in the development of this tumor, by either autocrine
or paracrine mechanisms. In addition, c-Met expression was found in
cells obtained from pleural fluids of patients with mesothelioma (6). 
In vitro HGF acts as a strong chemoattractant for human MMCs and
stimulates motility in all mesothelioma cell lines tested. Furthermore,
HGF can stimulate mesothelioma cell migration that can be blocked 
in the presence of neutralizing anti-HGF monoclonal antibodies. 
Addition of HGF to mesothelioma cells cultured on collagen type IV 
is associated with a change of morphology and induction of bipolar
shape and protrusion of prominent pseudopodia. Moreover, HGF 
is mitogenic for mesothelioma cells, suggesting that expression of
HGF/c-Met is involved not only in mesothelioma progression but 
also in its growth (6). In addition, the ability to secrete HGF/SF seems
to be correlated with the fibroblast-like morphology, and in general 
the biologic activity of this growth factor is dependent on the cell 
phenotype, because HGF induces both cell-spreading and prolifera-
tion in epithelioid cells but only stimulation of cell motility in fibrob-
lastoid cells (43). This growth factor also enhances cell adhesion and
invasion, as demonstrated by the HGF-induced synthesis of many
matrix metalloproteinases and serine proteases critical for tumor 
progression (44). On the basis of the significantly higher microvessel
density values of malignant mesotheliomas overexpressing HGF/SF, 
it is absolutely possible that HGF/SF also may be an additional rele-
vant factor in tumor angiogenesis in malignant pleural mesotheliomas
(45).

Interestingly, the urokinase-type plasminogen activator receptor
(uPAR) expression is induced by exposure to asbestos at the surface of
rabbit and human mesothelial cells, suggesting that altered expression
of this receptor could be involved in asbestos-induced remodeling of
the pleural mesothelium, partially due to the uPAR-dependent HGF
activation (46). Finally, other findings suggest that when SV40 infects
HMCs, it causes Met activation via an autocrine loop, replicates in
HMCs, and infects other adjacent HMCs, inducing an HGF-dependent
Met activation, change of morphology, and increase of S-phase entry
(Fig. 7.2). This mechanism may explain how a limited number of SV40-
positive cells may be sufficient to direct noninfected HMCs toward
malignant transformation (47).
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8
Oncogenes and Tumor Suppressor
Genes in Malignant Mesothelioma
Robert A. Kratzke and Adi F. Gazdar

Malignant mesothelioma is a disease strongly associated with carcino-
gen exposure (1). As has been observed in a wide variety of other 
carcinogen-associated solid cancers, mesothelioma tumors accumulate
a spectrum of acquired genetic lesions during the molecular patho-
genesis leading to overt cancer. Perhaps reflecting the unique history
of carcinogen exposure routinely seen in mesothelioma, many of the
well-characterized mutations found in other cancers such as p53 and
ras family alterations are not a common feature in malignant mesothe-
lioma (1). Nonetheless, a variety of well-defined molecular abnormal-
ities have been identified in the majority of cases of mesothelioma. As
has often been the case in cancer genetics, the first information regard-
ing genetic alterations in mesothelioma came from tumor karyotypic
or family studies.

Although generally observed to be a disease strongly associated with
asbestos exposure, familial clustering of mesothelioma independent of
asbestos exposure has been reported (2–6). Epidemiologic data suggest
that there may be a possible familial predisposition to mesothelioma,
but the molecular basis for this remains unclear (7). Examples of chro-
mosome 9p or 22 abnormalities have been reported in single cases or
families with early-onset mesothelioma, but observations such as these
have occurred infrequently and largely have confirmed known genetic
loci that are involved in mesothelioma pathogenesis (2,6). The lack of
a heritable model of mesothelioma, such as defined in breast cancer 
or colon cancer, has concentrated studies on the genetics of asbestos-
induced mesothelioma. In these more common cases of sporadic
mesothelioma with no obvious familial clustering or early onset, both
of which are ultimately rare in mesothelioma, the most frequent cyto-
genetic abnormality in tumors reported has been the loss of chromo-
some 22 (8). As will be seen, this marks one of the most common
somatic genetic targets, NF2, identified to date in mesothelioma. Other
frequently observed karyotypic abnormalities include loss of the short
arm (p) of chromosomes 1, 3, and 9 (8–10). Again, one of these recur-
ring molecular lesions, loss of the 9p21 locus, has been correlated with
corresponding loss of multiple well-characterized tumor suppressor
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gene function. In addition, loss of the genetic material from the long
arm of chromosomes 6, 13, and 15 has also been commonly identified
in mesothelioma tumors (1). Reminiscent of investigations in a spec-
trum of cancers, gross karyotypic abnormalities have given useful
guidance as to the location of somatic mutations in mesothelioma asso-
ciated with loss of function and malignant transformation. These loss
of function genes, or tumor suppressor genes, regulate a variety of mo-
lecular phenomena ranging from regulating the cell cycle, to cellular
homeostasis and repair, to programmed cell death mechanisms. In a
similar way, reduplication, rearrangement, or amplification of specific
sequences can likewise give an indication of gain of function genetic
abnormalities. However, few examples exist of such gain of function
genetic abnormalities phenomenon in mesothelioma. For example,
gain of genetic material has been reported for 5p; however, no specific
recurrent gene rearrangements that might indicate a gain of function
fusion gene product have been identified (1).

This chapter discusses the known acquired genetic alteration and
when possible correlates them with the previously documented cyto-
genetic data. However, unlike general models in other solid tumors,
little is known about the relative timing or order of these genetic and
epigenetic lesions. Nonetheless, recent data from animal models can
give us an indication of which molecular events are directly correlated
with potential carcinogenic stimuli such as asbestos or simian virus 40
(SV40) infection.

Loss of Function from Cyclin-Dependent Kinase
Inhibitors at the 9p21 Locus in Mesothelioma

Multiple lines of research have revealed that among the most common
acquired genetic abnormalities in cancer is loss of G1 to S checkpoint
control (Table 8.1) (11). Among the most critical elements in maintain-
ing control at this checkpoint is the presence of hypophosphorylated
pRb in maintaining the cell in a quiescent state (12). Processive phos-
phorylation of the 105-kd Rb (retinoblastoma susceptibility gene) gene
product (pRb) is mediated by the family of cyclin-dependent kinases
(CDKs) in conjunction with their corresponding S phase cyclins con-
sisting primarily of cyclin E and the members of the cyclin D family
(11). The D family of cyclins, among the earliest expressed proteins in
the cell cycle, can physically interact with both pRb (13) and their asso-
ciated CDKs, resulting in the critical phosphorylation of pRb.

The beginning of the understanding of the G1 to S molecular check-
point can be traced to the cloning and characterization of the retinoblas-
toma susceptibility gene (Rb). The identification of the Rb gene in 1986
as being the genetic element that is mutated or deleted in the germline
of kindreds affected with inherited retinoblastoma was the first proof
of the tumor suppressor gene paradigm (14) as put forth by Knutson
15 years earlier. This model, which largely defines the tumor suppres-
sor gene, is currently understood to postulate that loss of both alleles
of a normal genetic element, in the case of familial retinoblastoma this

R.A. Kratzke and A.F. Gazdar 125



being the two alleles of the Rb gene, leads to loss of cellular homeostasis
and transformation. This “two-hit” model applies to most of the
somatic genetic lesions identified in mesothelioma and discussed in
this chapter. In fulfillment of this model, the Rb gene locus of 13q14 
is commonly deleted in a variety of other cancers, most notably lung
and bladder cancer, diseases in which consequent loss of the Rb gene
product, pRb, is found to be quite common (15). The irony of somatic
mutations acquired in mesothelioma, however, is that although abnor-
malities of 13q are also common in mesothelioma, somewhat surpris-
ingly, loss of function of pRb is rarely if ever observed in mesothelioma
(12). Therefore, although loss of function at the G1 to S checkpoint
occurs in mesothelioma, it is not accounted for by deletion or mutation
the Rb gene.

As previously mentioned, processive phosphorylation of pRb leads
to inactivation of pRb and the consequent release of the cell from the
block into S phase. Inhibition of this CDK-mediated phosphorylation
occurs via a family of proteins known appropriately as CDK inhibitors
(CDKIs) (11). The first described CDKI, p16INK4a (CDKN2, MTS) was
first found to be commonly deleted in a form of familial melanoma
associated with loss of genetic material at 9p21 (16). It had been known
that 9p21 is a frequently targeted region of the genome in a variety of
cancers including lung, bladder, and brain tumors. Therefore, it was
not surprising to find that p16INK4a expression was also lost in many of
these same cancers. What was somewhat unexpected, though, was the
tight correlation between loss of p16INK4a function and the presence of
wild-type pRb in many cancers, and vice versa (17–19). Since, as pre-
viously discussed, pRb was not found to be a common site of loss of
function in mesothelioma, it might be anticipated that an alternative
but equally critical aspect of the G1 to S checkpoint, such as p16INK4a,
would be affected in mesothelioma.
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Table 8.1. Molecular alterations commonly present in malignant
mesotheliomas (MM)
Gene Comment Reference

p16INK4a Usually downregulated by multiple 12
mechanisms

p14ARF Another product of the p16INK4a but seldom 27
methylated or silenced in MM

p27 Low expression is a good prognosis marker 34
Rb Seldom mutated, but inactivated by SV40 86

tumor antigen (Tag)
p53 Seldom mutated, but inactivated by SV40 86,87

Tag
Bcl-x Downregulated frequently 66
NF2 Mutations common in MM 47
WT1 Frequently upregulated 80
Telomerase Expressed in almost all MM; induced 88

during SV40 transformation
EGFR Upregulated by asbestos 89
MET oncogene Upregulated by SV40 90
Notch1 oncogene Upregulated by SV40 91



A variety of studies prior to the localization of the p16INK4a gene to
the 9p21 locus had identified loss of 9p as a common event in mesothe-
lioma tumors and cell lines (9,10). Both the aforementioned retention
of wild-type pRb expression in mesothelioma and the subsequent iden-
tification of the 9p locus as being the location of the CDK inhibitor
p16INK4a, made this gene product a likely candidate tumor suppressor
gene deleted in mesothelioma. When mesothelioma cell lines and
tumors were examined for presence of the p16INK4a gene product, it was
found to be absent in all cases (12,20,21). Although this was not unex-
pected, since many of the cell lines examined possess disruption of 
the 9p21 locus, the extremely high frequency of loss of p16INK4a gene
product expression was surprising. Virtually all mesothelioma tumors
and cell lines examined to date have lost detectable expression of the
p16INK4a gene product.

Tightly linked at the 9p21 locus to the p16INK4a gene is the highly
homologous p15INK4b gene (11). This 15-kd protein CDKI possesses
much of the same biochemical activity as p16INK4a, but its mutational
spectrum is somewhat different. While p16INK4a appears to be one of 
the most common genetic lesions acquired in solid tumors, p15INK4b is
affected at a lower frequency in many of the common cancers. For
example, in lung cancer, where the 9p21 locus is intact in a large
number of cases, the inactivation of the two genes via epigenetic mech-
anisms, such as DNA hypermethylation, is not concordant (22). This
pattern of differential inactivation is similar to that observed between
p16INK4a and the third gene encoded at this locus, p14ARF, yet a third reg-
ulatory gene located at the 9p21 locus (see below). In the case of the
homologous CDKI, p15INK4b, the gene is differentially inactivated in a
significant percentage of cases of both leukemia and myelodysplastic
syndrome, where expression of the other 9p21 regulatory genes are
maintained (23,24). Nonetheless, in mesothelioma many tumors have
lost gross genetic material at the 9p21 locus, and have consequently 
co-deleted all the genes encoded there (20). As will be discussed, 
nondeletional loss of gene expression via epigenetic mechanisms of the
genes at the 9p21 locus is less common in mesothelioma than in other
cancers (25–27). With the high rate of deletion of the 9p21 locus, it is
not surprising that at least one study has determined that 72% of
mesothelioma tumors have co-deleted the genes for both p15INK4b and
p16INK4a, and presumably for the other regulatory gene encoded at this
locus, p14ARF20.

In light of the high frequency of loss of p16INK4a product in mesothe-
lioma, it has been suggested that this may be a good target for gene
replacement therapy (28,29). Reexpression of p16INK4a protein is associ-
ated with cell cycle arrest, apoptosis, and cell death in mesothelioma,
and prolonged survival in mesothelioma xenograft models (28,29).
Alternative methods of mediating the p16INK4a gene reexpression may
also serve as potential novel therapies for mesothelioma. As in other
cancers that lack p16INK4a expression but retain normal 9p alleles, DNA
hypermethylation of the p16INK4a gene accounts for a small percentage
of p16INK4a gene silencing in mesothelioma (25–27). It is interesting to
note that a small percentage of mesothelioma tumors have demon-
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strated response to methylation inhibiting cytidine analogues in phase
II clinical trials.

Loss of genetic material and consequent gene expression at the 9p21
locus results in at least one additional well-characterized molecular
defect in mesothelioma. In one of the more surprising findings in cell
cycle and cancer molecular genetics, the DNA sequence encoding the
p16INK4a gene also encodes an alternative cell cycle regulatory gene in a
unique reading frame, thus coding for a second protein with an entirely
different amino acid sequence and molecular weight (11). This 14-kd
protein, known as p14ARF (alternative reading frame), inhibits mdm2-
mediated degradation of the well-characterized p53 tumor suppressor
gene (11). This model predicts that in the absence of p14ARF, wild-type
p53 will be highly unstable due to a very short protein half-life. Poten-
tially, then, loss of genetic material at the 9p21 locus leads to loss of cell
cycle regulation through both the pRb and p53 pathways. Data from
murine knockout models suggest that loss of p14ARF may be a stronger
cancer initiating event than loss of p16INK4a, although similar data from
human cancer is not as convincing with differential loss of one or the
other gene product being observed via methylation in tumors with
intact 9p21 locus (30).

Loss of p14ARF gene expression appears to be as equally common in
mesothelioma as the loss of p16INK4a protein (1,27). Studies on protein
expression have been limited to this point due to the lack of appro-
priate immunologic reagents, but reexpression of p14ARF appears to
mediate many of the same effects in mesothelioma cells and xenografts
that p16INKa reexpression does (31). In a correlation that strongly mimics
the previously described situation in the p16INK4a/pRb genetic switch
in mesothelioma, p53 mutations are rarely found in mesothelioma
(1,32). Rather, the prevailing model suggests that loss of p53 check-
point is mediated through loss of p14ARF expression and consequent
enhanced mdm2-mediated p53 degradation (11,33). This fascinating
picture of dual loss of control at two of the best characterized cell cycle
checkpoints by disruption of a single genetic locus has proven to be a
surprising twist in the study of cancer biology. Although it may prove
that only one of these pathways is the critical step in the development
of mesothelioma, at this time the evidence suggests that loss of both of
the proteins encoded for at the 9p21 locus is important in the patho-
genesis of mesothelioma.

Additional Abnormalities of Cyclin-Dependent Kinase
Inhibitors in Mesothelioma

Gross abnormalities in expression or mutations of p15INK4b and p16INK4a

are likely the most common genetic abnormalities of the CDK inhibitor
family of proteins not only in mesothelioma but in other solid tumors
as well. Nonetheless, differential expression of some of the other 
well-characterized CDK inhibitors such as p27 (p27kip1) and p21
(WAF1/CIP1) has been documented. In mesothelioma, studies have
identified either elevated p27 expression by immunohistochemistry to
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be a positive prognostic sign or the converse, low expression of p27, 
to be a poor prognostic sign (34–36). For example, in one study low
expression was associated with a median survival of 4 to 5 months,
while normal or elevated expression of p27 in mesothelioma portends
a more favorable prognosis with a median survival of 10 to 11 months
(34). Similar prognostic significance of low p27 expression has been
identified in other solid tumors such as breast cancer (37–40). In a like
manner, the p21 CDK inhibitor has been identified as differentially
expressed in mesothelioma tumors by immunohistochemistry (41,42).
The original identification of p21 was as a factor upregulated by the
expression of wild-type p53, and thus it might be anticipated that most
mesothelioma tumors express detectable p53 (43). Alternatively, as pre-
viously discussed, p53 may be destabilized or inactivated by secondary
means, and thus any factor potentially dependent on the presence of
wild-type p53 for expression, such as p21, may be relatively absent.
Along these lines, in studies only about 35% of mesothelioma tumors
possess easily detectable p21 expression (41,42). However, the rela-
tively few studies published have varied in the conclusion of whether
there is any clinical significance in the p21 expression pattern in
mesothelioma.

Mutations in the NF2 Gene Are a Common Feature 
of Mesothelioma

Neurofibromatosis type 2 (NF2) is an autosomal-dominant disease
characterized by development of brain tumors and schwannomas, 
particularly involving the eighth cranial nerve (44). Epidemiologic
studies have demonstrated a linkage to the long arm of chromosome
22 (22q), and subsequent positional cloning isolated the NF2 gene as
the targeted gene whose loss of function accounts for this clinical syn-
drome (45,46). The 70-kd NF2 gene product is a moesin ezrin radixin-
like protein that maps to 22q11-q13.1 and has also has been named both
merlin (moesin ezrin radixin-like protein) and schwannomin. As dis-
cussed previously, loss of chromosome 22 appears to be the most com-
monly detected cytogenetic reported in malignant mesothelioma (8).
Following the identification of the NF2 gene on chromosome 22 as the
affected gene in familial neurofibromatosis, a variety of investigators
examined NF2 gene expression in mesothelioma (47,48). An initial
study of 15 mesothelioma cell lines revealed abnormalities in single-
strand conformation polymorphism (SSCP) in 53% of cDNAs from
mesothelioma. Subsequent sequencing revealed a high frequency of
mutations in the NF2 protein coding sequence, resulting in truncated
merlin protein in all eight of the samples with abnormal SSCP migra-
tion (48). When primary tumors were examined, all but one of the
matching primary tumors possessed the identical mutation found in
the paired cell line. Similar studies have reported 41% of tumors or 
cell lines with detectable mutations or deletions in NF2 transcripts in
mesothelioma, while no such abnormalities were observed in lung
cancer (47). Similar to the situation with the genes at the 9p21 locus,
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the NF2 gene appears to function as a classic tumor suppressor gene
in mesothelioma and likely is the second most common somatic muta-
tion in this disease.

Although the high rate of mutation of NF2 transcripts in mesothe-
lioma cell lines and tumors indicates it is a frequent target of inactiva-
tion in the development of mesothelioma, it is interesting to note that
mesothelioma is not part of the well-described clinical syndrome of
neurofibromatosis 2 (44). However, this is not unlike what has been
observed in other familial cancer syndromes, including the rare inher-
ited abnormalities of 9p21 associated with melanoma or pancreatic
cancer. The clinical syndrome of neurofibromatosis is exceedingly rare,
and presumably the carrier rate of germline mutations of NF2 is as rare
as 1 in 40,000 (44). It has been theorized that if germline mutations 
in NF2 predispose patients to mesothelioma in the face of asbestos
exposure, the low frequency of both the incidence of NF2 germline
mutations and asbestos exposure would make the predisposition very
difficult to detect. Along these lines, a recent case was reported of an
asbestos-exposed NF2 patient who developed mesothelioma within
several years of his exposure, rather than the common prolonged
latency period of 20 years or more (2). It seems likely that NF2 patients
are at increased risk of mesothelioma following additional exposure to
asbestos, or perhaps following infection with SV40 or other putative
mesothelioma promoting agents. However, the coincident low rate of
germline NF2 mutation carriers and intense asbestos exposure makes
detection of this potential heritable predisposition to mesothelioma
uncommon.

Alterations of p53 Appear Infrequently in 
Malignant Mesothelioma

Mutations of the p53 gene are among the most frequent and best doc-
umented acquired genetic abnormalities in solid tumors (49). The p53
locus is located at 17p13, a common hot spot for karyotypic abnor-
malities in a wide spectrum of cancers. As its name indicates, the p53
gene encodes a 53-kd phosphoprotein that appears to play a key role
in maintenance of the integrity of genetic information. Mutations of 
p53 generally are missense mutations resulting in expression of a full-
length inactive gene product that is preferentially stabilized when 
compared to the relatively short-lived wild-type p53 protein. As such,
cancers that stain strongly for p53 protein on immunohistochemistry
often, but not invariably, possess mutant p53 protein, whereas tumors
that stain weakly are more often than not wild type. However, because
of some variability between the correlation of strong immunostaining
and mutation of the p53 protein, studies on the frequency of mutation
of p53 in cancers can come to divergent opinions (50).

Abnormalities of 17p have been noted in mesothelioma, although at
a lower frequency than in many other tumors (1). When mesothelioma
cell lines or tumors have been examined, generally few mutations in
p53 have been found (51–54). One explanation for this divergence from
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the mutation patterns seen in other cancers may be the presence of
SV40 tumor antigen (Tag) as a putative co-carcinogen. It has been
known that SV40 Tag can bind to and inactivate wild-type p53, impli-
cating that infection with SV40 may serve as a method for inactivating
p53 in the absence of overt mutation. In recent years, the detection of
SV40 viral DNA in mesothelioma tumors has generated much interest
in this hypothesis, and this issue is discussed in detail elsewhere in this
text (1). Alternatively, as discussed previously, the absence of p14ARF in
mesothelioma would be expected to result in loss of the inhibition of
mdm2-mediated degradation of p53, leading to a shorter protein half-
life. Of interest, p53 mutations have rarely been observed in experi-
mental models of asbestos-derived mesothelioma in rodents (55,56),
but p53 deficient mice are more susceptible to asbestos-induced
mesothelioma (57,58). These findings strongly argue that loss of p53
function plays a direct role in the development of mesothelioma, but
more likely through alternative mechanisms than direct mutation or
deletion of the p53 gene product.

Several investigators have reported increased levels of p53 protein
in mesothelioma tumors as detected by immunohistochemistry (51,52).
Rates of overexpression have been reported to be as high as 35% in
resected tumors. In addition, one report identified two of four mesothe-
lioma cell lines with missense mutations by DNA sequencing (59).
However, these reports should probably be regarded as the exception
rather than the rule. Circulating autoantibodies to p53 are often seen
in solid tumors and are thought to represent an immunologic response
to the presentation of mutant p53 antigen, but these autoantibodies are
rarely detected in patients with mesothelioma, although perhaps only
in a small percentage of patients (less than 10%) (60). Moreover, the p53
antisera detected in these patients in this study had relatively low titers
that did not vary with treatment, indicating that perhaps they bear little
relevance to the p53 status of the corresponding tumor.

Similar to the reports on reexpression of p16INK4a and p14ARF, virally
mediated reexpression of p53 can result in cell growth inhibition and
xenograft inhibition in mesothelioma cells (61). Although this may
seem to argue for the presence of directly inactivated p53 in mesothe-
lioma that can then be ameliorated by the addition of exogenous wild-
type p53, it is also consistent with a model of secondary inactivation of
p53 from the presence of SV40 Tag or from protein destabilization in
the absence of p14ARF. In the latter two examples it may be predicted
that overexpression of exogenous p53 will overcome these mechanisms
of p53 inactivation and thus reestablish normal cell homeostasis. Con-
sistent with this interpretation, the replication sufficient ONYX-015
adenovirus, which has a selective cytolytic effect in p53-deficient cells,
demonstrated cell killing in a mesothelioma cell line (MS-1) that
retained both normal p53 and p14ARF, while three cell lines (NCI-H28,
NCI-H513, 211H) that possessed wild-type p53 but absent p14ARF were
killed by the ONYX-015 virus (62). When p14ARF was reintroduced into
these three cell lines, they became resistant to ONYX-015–mediated
killing as well, strongly arguing that p53 inactivation in these mesothe-
lioma cell lines is mediated in part by the absence of p14ARF protein.
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However, these findings cannot eliminate the probable important role
played by the presence of possible SV40 Tag in moderating or inacti-
vating wild-type p53 function in mesothelioma.

Apoptosis-Mediating Gene Defects in Mesothelioma

Both the death receptor and mitochondrial-mediated pathways play
significant roles in cell death and cancer progression (63). Although
much recent interest has focused on abnormalities of caspase activity
in cell immortalization and cancer pathogenesis, little is known regard-
ing this pathway and the pathogenesis of mesothelioma (64,65). In 
contrast, abnormalities of the Bcl-2 pathway (an inhibitor of the 
mitochondrial pathway) have been described in mesothelioma, but to
a limited degree. In one of the largest studies conducted on this subject,
researchers in Finland identified Bcl-2 positivity in seven out of 35
(20%) mesothelioma tumors as analyzed by immunohistochemistry
(66). Strong expression of the related antiapoptotic proteins Bcl-X was
found in all cases. The absence of Bcl-2 expression in mesothelioma was
strongly correlated, in this relatively small series, with a higher apo-
ptotic index and, paradoxically, statistically significant poorer survival.
Although a similar paradoxical result has been reported in other
cancers, these findings are surprising unless they are indicative of a
high tumor burden turnover in aggressive disease. No similar correla-
tions were found in apoptotic index with Bcl-X expression, but given
the universally elevated levels detected it is understandable if no vari-
ation can be detected.

In the face of elevated expression of the antiapoptotic Bcl-X gene
product, investigators have designed systems to attempt to down-
regulate its expression and render the mesothelioma cells more sus-
ceptible to apoptosis. Expression of antisense Bcl-X has been reported
to engender apoptosis in two mesothelioma cell lines following dimin-
ished transcription of Bcl-X transcripts (67). In a like manner, treatment
of mesothelioma cells with sodium phenylbutyrate has been described
as leading to Bcl-X downregulation and cell death in mesothelioma
(68). In a somewhat different pharmacologic maneuver, these same
investigators introduced the proapoptotic Bak gene into mesothelioma
cells to counteract the overexpressed Bcl-X protein and found apopto-
sis occurred in two cell lines (69). It is hard to generalize from these
experiments which, if any, of these potential therapeutic modalities
could prove of value in treating mesothelioma, but it seems clear that
as in many other solid tumors, overexpression of the antiapoptotic 
Bcl family of proteins plays a significant role in the pathogenesis of
mesothelioma, and downregulation of these proteins can mediate cell
death in mesothelioma cell lines and tumors.

The death receptor pathway is initiated by death inducing ligands
such as TRAIL binding to their specific cell surface receptors and trig-
gering a cascade involving caspase 8 and possibly caspase 10. There
are four known TRAIL receptors: DR4 and DR5, which initiate the
apoptotic pathway upon activation, and two decoy receptors, DcR1

132 Chapter 8 Oncogenes and Tumor Suppressor Genes



and DcR2, which lack a death domain and are presumed to be anti-
apoptotic. However, recent data indicate that the decoy receptors are
methylated and silenced in pediatric tumors (70). Our unpublished
data indicate that methylation of the decoy receptors is one of the most
frequent molecular changes present in virtually all cancer types, with
very high frequencies in mesotheliomas. These observations indicate
that the role of decoy receptors need to be reevaluated, and that silenc-
ing of the decoy receptors may aid cell survival rather than prevent
apoptosis.

Epigenetic Inactivation of RASSF1A Occurs in
Mesothelioma and After Simian Virus 40 Infection 
in Mesothelial Cells

Many of the classic studies of the past decade in somatic mutations in
solid tumors have revolved around the central tenet that cancer is a
disease of acquired genetic damage. However, it is now clear that 
epigenetic mechanisms, including DNA hypermethylation, play a sig-
nificant role in gene silencing in cancer. As an example, as has been pre-
viously discussed, up to 10% of mesothelioma tumors inactivate p16INK4a

gene expression following acquired DNA hypermethylation, although
it must be noted that this rate of methylation is much lower than that
found in many other common cancers (26,27). Until recently, however,
the methylation pattern of other genes in mesothelioma has not been
extensively studied. A series profiling 66 mesothelioma and 40 lung
adenocarcinomas for methylation has yielded fascinating and com-
pelling results (25). Methylation profiling of seven genes commonly
inactivated by epigenetic mechanisms in cancer was carried out in 66
mesothelioma samples. In summary, it was found that the overall rate
of gene methylation (“methylation index”) was significantly lower than
that found in adenocarcinoma of the lung. However, one gene, the can-
didate tumor suppressor gene RASSF1A, was methylated at a remark-
ably high frequency in this large cohort of mesothelioma tumors (32%).
The RASSF1A gene is a 39-kd ras-associated protein that fulfills the cri-
terion of a classic tumor suppressor gene in lung cancer (71–73). The
gene maps to the 3p21.3 locus, a common sight for loss of heterozygos-
ity and cytogenetic abnormalities in a wide variety of cancers, includ-
ing mesothelioma. An additional intriguing finding arising from this
methylation survey is that the mesothelioma tumors analyzed that pos-
sessed evidence of SV40 Tag sequences (52% of the tumors examined)
were the subset that also possessed, significantly, a higher methylation
index (25). If SV40 infection mediates or is associated with epigenetic
cellular events, such as DNA hypermethylation, it may give insight into
the relatively fewer somatic genetic lesions seen in mesothelioma as
compared to other carcinogen associated malignancies.

As has been discussed in this chapter and elsewhere in this text, there
appears to be significant evidence that expression of SV40 Tag plays a
role in the pathogenesis of mesothelioma (1). Identification of the pres-
ence of distinct methylation patterns in SV40 Tag-positive mesothe-
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lioma tumors raises the question of cause and effect. Recent investiga-
tions on the acquired genetic and epigenetic abnormalities that occur
following SV40 infection of mesothelial cells have revealed an inter-
esting pattern of DNA hypermethylation in these cells. In early passage
following infection, no methylation of seven genes previously identi-
fied as being targets of methylation in mesothelioma was found.
However, later passages of SV40-infected mesothelial cells have been
found to possess progressive methylation of the RASSF1A gene and a
consequent decrease in transcript (74). Consistent with methylation at
this locus, treatment with the cytosine analogue and methylation
inhibitor 5-aza-2¢-deoxycytidine led to reexpression of the RASSF1A
transcripts. These findings provide a true mechanistic link between
known tumor suppressor gene inactivation and SV40 infection.

Dominant-Negative WT1 Gene Abnormalities Are
Detected in Mesothelioma

Identification of karyotypic abnormalities at 11p13 in pediatric nephro-
blastoma (Wilms’ tumor) led to the subsequent cloning in 1990 of the
Wilms’ tumor susceptibility gene 1 (WT1) (75). The WT1 locus had
already been shown to fulfill one of the main criteria of a classic 
tumor suppressor gene even prior to the identification of the coding
sequence when it was demonstrated in 1987 that reconstitution of 11p
to nephroblastoma cells reversed the malignant phenotype (76). Sub-
sequent analyses have demonstrated loss or inactivation of WT1 in
most cases of pediatric nephroblastoma or Wilms’ tumor. The WT1
gene product is a 52- to 54-kd protein with a complex expression
pattern involving up to 24 isoforms (77). The protein possesses a series
of zinc finger motifs consistent with a DNA-binding protein, and dis-
ruption of WT1 in murine models leads to severe developmental abnor-
malities in the urogenital system. Similar to the pattern seen with other
tumor suppressor genes identified first in germline cancer syndromes,
acquired mutations of WT1 have also been noted in a variety of other
malignancies as well (78).

Mutations of the WT1 gene in mesothelioma were noted after the
rather striking finding that WT1 protein is routinely expressed in
normal mesothelium just as it is expressed in normal urogenital tissues
(79). In addition, mesothelioma tumors were found to generally express
elevated levels of WT1 protein as detected by immunohistochemistry
(80,81). The presence of nuclear staining for WT1 has been reported in
75% to 100% of mesothelioma tumors and cell lines examined to date.
This has led to WT1 expression being developed as a potentially useful
diagnostic test in differentiating mesothelioma tumors from lung
cancer, since normal WT1 expression is rarely detected in lung or lung
cancers (81). Mutational analyses, however, have yielded only sporadic
missense mutation identified in mesothelioma samples. Mutations of
WT1 in mesothelioma, as well as in other cancers, generally target the
DNA binding motif of exons 7 through 10 containing the zinc finger
motifs. By way of interaction with DNA through the zinc finger motifs,
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the WT1 gene product is thought to function as a transcriptional sup-
pressor (82). In an intriguing alteration of the standard loss of function
abnormalities of tumor suppressor genes, mutations of WT1 in the zinc
finger motif have been demonstrated not only to abrogate the tran-
scriptional repression activity of wild-type WT1 but also to result in 
a dominant-negative transcriptional activator phenotype (82). Such
dominant-negative or activating mutations of WT1 occur in both
germline nephroblastoma and acquired mutations in cases such as
mesothelioma (79), but probably at a low frequency. Additional reports
indicate DNA hypermethylation of the WT1 may occur with a high 
frequency in mesothelioma at a CpG island with the 5¢ end of the 
gene, but the correlation of this finding with gene product expression
remains unclear (83).

Relationship to Simian Virus 40

While the relationship of the SV40 virus and the pathogenesis of malig-
nant mesothelioma (MM) is discussed elsewhere in this book, the 
presence of SV40 is associated with certain molecular changes that 
are discussed briefly here for the sake of completeness. These changes
include activation or upregulation of the Met and Notch1 oncogenes
and of insulin-like growth factor I (84). In addition, methylation and
silencing of the RASSF1A gene is significantly higher in virus contain-
ing tumors (25,74). The Tag present in SV40-positive MMs has been
demonstrated to be capable of binding to and inhibiting cellular p53
and retinoblastoma family proteins (84). In an in vitro model, both SV40
and asbestos acted as co-carcinogens (85), suggesting that both of these
etiologic factors contribute to the molecular pathogenesis of MM in
their own unique manner. Of notable interest, both the Tag protein of
SV40 and deletions of 9p induced by asbestos exposure may contribute
to inhibition of the cell cycle and of the p53 protein.

Conclusion

Mesothelioma is a cancer marked by a distinct pattern of mutations
unlike most other solid tumors. Direct mutation of genes such as p53
or ras family members may be rare and distinctly different from the
well-characterized spectrum of mutations seen in the more common
epithelial malignancies such as lung or bladder cancer. This may be
partially a result of the unique contributions of asbestos and SV40 infec-
tion as co-carcinogens in mesothelioma. Nonetheless, aberrations of the
regulatory genes expressed at the 9p21 locus (p16INK4a, p14ARF) and chro-
mosome 22 (NF2) are clearly among the highest frequencies observed
in human cancers. In addition, recent investigations into epigenetic
inactivation following SV40 infection may yield new gene targets such
as RASSF1A that are inactivated by pathways that have not been suf-
ficiently explored in the past. The presence of normal DNA within
mesothelioma tumors is likely not to be equated with the presence 
of a normal protein phenotype in the future. This holds the promise 
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of potentially reversible epigenetic or infectious molecular defects
accounting for much of the transformed phenotype in mesothelioma,
and the distinct possibility of novel therapeutic modalities that may
reverse these acquired defects in gene expression patterns.
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9
Angiogenesis and Mesothelioma

Alfonso Catalano, Luigi Strizzi, and Antonio Procopio

Malignant mesothelioma (MM) is a primary tumor of the pleura and
peritoneum. Malignant mesotheliomas that are limited to other organs
are extremely rare, though several cases of pericardial MM have been
reported (1). A unique feature of MM is its strong relationship with
asbestos exposure (2,3), which has recently led to great public concern in
view of the ubiquitous presence of that mineral. Insulation, construction,
shipyard industries, and automobile brakes are among the many sources
of occupational exposure (4). Exposure can be not only occupational but
also environmental, or even familial by household contamination (5).

The mechanisms of MM pathogenesis have not been fully elucidated.
Asbestos fibers could work their way through the lung tissues to
damage pleura and produce adhesions and plaques. Changes observed
in target tissues exposed to asbestos include hyperplasia, metaplasia,
DNA synthesis, and increased production of oxygen free radicals. Acti-
vation of diacylglycerol, protein kinase C, and ornithine decarboxylase
also has been reported in a pathway similar to classic tumor promot-
ers, such as phorbol esters (6–8). Moreover, crocidolite fibers, which are
the major tumorigenic asbestos fibers, induce angiogenesis in the peri-
toneal lining of MM animal models (9). Thus, ingrowth of new blood
vessels around clusters of asbestos fibers may also facilitate the later
emergence of MM at these sites.

Angiogenesis plays an important role in the growth, progression,
and metastasis of solid tumors (10). Further, quantitative histologic
studies have suggested that angiogenesis, as assessed by intratumoral
microvascular density (IMD) and total microvascular area (MVA), 
correlates with poor prognosis in several human neoplasms (11,12).
Malignant mesothelioma demonstrated a higher IMD than colon and
breast tumors (13–15). This value was significantly and independently
related to survival adjusted for other known prognostic variables in
MM, such as histologic type, stage, and age (16). This might call for 
an IMD profile to be provided as part of the pathologic evaluation of
tumor specimens from patients with MM.

Currently, many angiogenic factors have been identified to be re-
leased from tumor-associated inflammatory cells, extracellular matrix,

141



or tumor cells, which support and stimulate angiogenesis (17). Vascu-
lar endothelial growth factor (VEGF), basic fibroblast growth factor
(bFGF), platelet-derived growth factor (PDGFs), transforming growth
factor-b (TGF-b), hepatocyte growth factor/scatter factor (HGF/SF),
insulin-like growth factor-I (IGF-I), and various cytokines like inter-
leukins (IL)-6 and -8 are strong regulators of angiogenesis with a
paracrine loop mechanism (18–20). All these factors were identified in
MM (21–23), which may affect tumor angiogenesis by positively regu-
lating endothelial cell proliferation, motility, and vascular permeabil-
ity (17). However, the primary cause of fatality in MM is local invasion
of the primary tumor, unlike other solid tumors where metastasis is
most commonly seen. Malignant mesothelioma cells show a high pro-
liferation rate as evidenced by a high mitotic count and by methods to
demonstrate proliferating cell nuclear antigens and silver-stained
nucleolar organizing regions. In addition, MM presents with minimal
central necrosis, despite its huge size (24,25). Thus, it was postulated
that several growth factors with angiogenic capacity are also additional
effects regarding the process of MM carcinogenesis, growth depen-
dency patterns, and long latency.

Role of Vascular Endothelial Growth Factor in
Malignant Mesothelioma Cell Growth and Progression

Various autocrine stimulatory effects of angiogenic growth factors such
as IGF-I, PDGFs, and VEGF, via their receptors, have been recently pos-
tulated in the pathogenesis of MM (26–28). Among these, VEGF seems
to play a key role on MM biology, as VEGF binds with high affinity to
the tyrosine kinase receptors VEGFR-1 (also known as flt-1) and R-2
(also known as Flk-1/KDR) expressed by endothelial cells (29). The
receptors VEGFR-1 and R-2 are also expressed by the tumor cells of
Karposi’s sarcoma, ovarian and breast cancers, and in choriocarcinoma,
melanoma, and ovarian cancer cell lines, suggesting that the role of the
VEGF signaling pathway extends beyond angiogenesis in solid tumors
(30). In addition, VEGF overexpression has been demonstrated in MM
tissues and cell lines (Fig. 9.1) and its protein production was corre-
lated with poor survival (28). Expression of VEGFR-1 and R-2 by malig-
nant cells within MM tumors also has been reported (28).

Human recombinant (rh)-VEGF was used to treat several MM cells
to demonstrate that VEGF can stimulate DNA synthesis and cell pro-
liferation. Additionally, monoclonal antibodies that neutralize VEGF
retard the induction of DNA synthesis by rh-VEGF in MM cells, sup-
porting the contention that VEGF directly stimulates MM cell growth
(28). In this and other studies, VEGF induction of cell proliferation
appears to be mediated by VEGFR-2 (28,31). Also, VEGF induces
higher levels of VEGFR-2 autophosphorylation in MM cells and initi-
ates a range of cellular responses, including proliferation (32). Al-
though not yet studied, VEGF binding to VEGFR-1 may mediate other
responses in MM cells. In monocytes, which express only VEGFR-1,
VEGF induces cell migration and the production of tissue factor,
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whereas production of matrix metalloproteinases 1, 3, and 9 in smooth
muscle cells also may be mediated via the VEGFR-1 receptor (32). Inter-
estingly, VEGFR-1 demonstrates higher affinity ligand binding than R-
2 and may act competitively to regulate VEGF-induced mitogenesis
(32). Consequently, binding of VEGF to both VEGFR-1 and R-2
expressed by MM cells may have implications for a variety of processes
involved in tumor progression, including stimulation of tumor cell 
proliferation, degradation of extracellular matrix, and tumor cell
migration.

Regulation of Vascular Endothelial Growth Factor
Expression by Potential Transforming Factors in
Malignant Mesothelioma

The mechanism for VEGF upregulation in MM tumors is unknown.
Previous studies have shown that p53 represses VEGF transcription 
by preventing the binding of Sp-1 to the VEGF promoter (33). More
recently the involvement of Src kinase activity in p53 inhibition of
VEGF transcription has been assessed (34). In addition, p16 and Rb
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Figure 9.1. Vascular endothelial growth factor (VEGF) protein expression in mesothe-
lioma and mesothelial cells; VEGF release was identified by enzyme-linked
immunosorbent assay (ELISA) of several cell culture condition (A) and by
Western blot (B). A: VEGF production was determined in malignant mesothe-
lioma (MM) and mesothelial supernatants at 24-hour intervals. B: Lane 1, pos-
itive control; lane 2–5, several MM cell lines; lane 6, mesothelial cells.



family members can inhibit VEGF expression (35). Therefore, it is pos-
sible that cell cycle regulatory proteins generally acting in the G1 phase
of the cell cycle could have similar effects, or that these proteins con-
trol distinct pathways with a common end point. We have recently
observed that VEGF upregulation is involved in the cell cycle pertur-
bation caused by p53 inactivation in response to simian virus 40 (SV40)
infection (36).

Simian virus 40 encodes two transforming proteins, the large-tumor
antigen (Tag) and the small-tumor antigen (tag); SV40-Tag, a 90-kd
nuclear phosphopolypeptide, is essential for virus growth and suffi-
cient to induce mesothelial cell transformation in the absence of cell
lysis (37). Although SV40-Tag displays pleotropic actions on multiple
potential mechanisms of cell transformation (38), it has been proposed
that it may facilitate cell transformation by binding and inactivating
p53 and retinoblastoma (Rb) tumor suppressor proteins (39). The pres-
ence of nucleic acids and proteins of SV40 has been observed in most
MMs (36). Moreover, SV40 infection represents a negative prognostic
cofactor for patients affected by MM (40). This provocative finding is
intriguing and its significance is as yet unknown, although it was noted
that the early polio vaccines from 1954 until 1960 were contaminated
with SV40. More than 50 studies have confirmed that at least 60% of
MMs contain and express SV40. These results suggest that SV40 may
intervene in the pathogenesis of MM. We found a physiologic rela-
tionship between SV40-related proteins and VEGF expression in MM
cells. Moreover, since VEGF also acts as a potent autocrine growth
factor to MM cells, we antagonized VEGF activity in Tag-expressing
MM cells using an adenoviral vector encoding a soluble form of Flt-1
(Ad.sFlt-1). sFlt-1 expression abrogated both Flk-1/KDR phosphoryla-
tion and DNA synthesis induced by SV40-Tag in MM cells (Fig. 9.2).
These data strongly indicate that VEGF signaling induced by SV40-Tag
contributes to cell cycle modulation promoted by SV40.

In addition, the involvement of 5-lipoxygenase (5-LO) activity in
induction of VEGF transcription has been also observed; 5-LO is 
suggested to be involved in the mechanisms of mesothelial cell car-
cinogenesis (41). Lipoxygenase isoforms are expressed in human
mesothelial cells, and a metabolically active 5-LO is selectively upreg-
ulated in neoplastic phenotypes of these cells. It also observed that 5-
LO inhibition resulted in MM growth arrest and apoptosis. Finally,
VEGF release and messenger RNA (mRNA) levels are regulated by 
5-LO activity in MM cells, and this regulation is a crucial mechanism
of 5-LO actions on proliferation and apoptosis. Since VEGF simul-
taneously can be induced by both SV40-Tag and 5-LO function to ac-
complish cellular transformation, its upregulation could represent
common molecular strategies for potential transforming factors to reg-
ulate proliferation and tumor progression. However, the roles of these
molecules in tumorigenesis need to be studied more closely.
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Antiangiogenic Agents as Therapeutic Tools for
Malignant Mesothelioma

Given the role of VEGF in MM, fumagillin, endogenous angiostatic
substances, such as endostatin and angiostatin, and synthetic angio-
genesis inhibitors, such as thalidomide, were used against MM cell
growth (42). All these substances inhibit neovascularization and angio-
genesis in organ cultures as well as tumor-induced neovascularization
in vivo. However, the mechanisms responsible for these effects are dif-
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Figure 9.2. Inhibition of VEGF pathway(s) blocked MM cell growth triggered by
simian virus 40 large-tumor antigen (SV40-Tag). The MM cells were transfected
with 4.0mg of pw2dl (+ Tag) or with pw101 (- Tag), incubated for 24 hours,
then infected with Ad.sFlt-1 or Ad.Null (50 p.f.u. ¥ cell) for an additional 
48 hours. A: Cell lysates were separated by 7.5% polyacrylamide gel elec-
trophoresis and transferred to nitrocellulose membrane. Blots were exposed to
antiphosphotyrosine monoclonal antibody for 1 hour at room temperature
(upper panels), stripped and reblotted with an anti-flk-1/KDR antibody (lower
panels). The bands were then visualized using the ECL Western blotting
system. B: The MM cells were seeded into 24-well plates for 12 hours before
transfection experiments. At the end of the incubations, [3H]-Thymidine
(0.5mCi/mL) was added for an additional 4 hours. Results are mean ± stan-
dard deviation (SD) from n = 3 with duplicates (*, p < .05 vs. control).



ferent among antiangiogenic drugs. For example, angiostatin induces
cell growth inhibition by inhibiting HGF-induced phosphorylation of
c-met, Akt, and extracellular signal-regulated kinase (ERK)1/2 (43).
Only fumagillin seems to inhibit endothelial proliferation through
MetAP2 inactivation, which is an enzyme involved in the removal 
of the N-terminal methionine from proteins and peptides and is an
inhibitor of phosphorylation of initiation factor eIF-2-associated 67-kd
protein, p67 (44).

We hypothesized a direct inhibitory effect of these molecules on
tumor cell proliferation. Our results showed that only the angiostatic
agent, fumagillin, at concentrations comparable to those used for
endothelial cell inhibition, arrested the growth of MM cells which
expressed high levels of MetAP2. In fact, normal mesothelial (NM) 
cells treated with fumagillin that had poor MetAP2 expression did not
show any significant alteration of proliferation (Fig. 9.3). We have also
demonstrated that this growth inhibition effect of fumagillin was asso-
ciated with downregulation of bcl-2 expression and cell death by apo-
ptosis. Interestingly, a decrease of telomerase activity in a time frame
required for fumagillin to induce downregulation of bcl-2 expression
was observed. Several groups have now reported that overexpression
of bcl-2 or bcl-XL confers protection upon mitochondria, making it
more difficult for many stimuli to induce pore opening and release of
AIF and cytochrome c, inducing apoptosis (45). In our MM cells,
MetAP2-positive, stable overexpression of bcl-2 inhibited the reduc-
tion of telomerase activity and reverted the induction of apoptosis by
fumagillin. Our finding indicates a close relationship among MetAP2,
survival factor bcl-2, and telomerase activity in neoplastic cells com-
pared to normal mesothelial cells. It remains to be resolved whether
the observed modulation of telomerase activity by fumagillin is medi-
ated via changes in bcl-2 expression, or both bcl-2 expression and
telomerase activity are regulated via a fumagillin-responsive common
pathway(s). It also remains to be seen in these cells whether the regu-
lation of telomerase activity is a phenomenon restricted to bcl-2, or is
a general event associated with other antiapoptotic gene products such
as bcl-XL.

Since the activation of telomerase activity and bcl-2 deregulation had
been shown to be associated with the development of human cancer
(46), our finding of potential involvement of MetAP2 in the deregula-
tion of telomerase activity through a bcl-2–dependent mechanism may
provide an important insight into the role of MetAP2 activity during
cell growth and also suggest the potentially clinical use of fumagillin,
or its derivatives, in therapy for MM. Recently, TNP-470, belonging to
the fumagillin family, was shown to inhibit growth factor–induced
DNA synthesis of vascular smooth muscle cells and induced apopto-
sis and senescence in human hepatoma cells (50). These data suggest a
broad range of effects of these compounds and involve this parent 
compound of fumagillin in apoptotic and senescence pathway(s). In
our study, fumagillin did not inhibit the production of MM cell growth
factors, such as FGF-2 and VEGF. In contrast, it inhibited growth factor-
induced DNA synthesis of both MM and NM cells. Recently, growth
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Figure 9.3. Effect of antiangiogenic agents on cell proliferation in MM and mesothe-
lial cells. A: MM, HUVEC, or mesothelial cells were treated with varying 
concentrations of fumagillin for 24 hours. [3H]-thymidine uptake was then
determined. Results are means ± SD from n = 2 with triplicate measurements.
B: MM cells were incubated for different times with fumagillin, thalidomide,
angiostatin, endostatin, or suramin. At the end of the incubation, DNA syn-
thesis was assessed by [3H]-thymidine uptake. Data points depict mean values
± SD from two experiments with quadruplicate determinations (*, p < .05).

factors, like VEGF, have been shown to increase bcl-2 expression, and
it was shown that FGF-2 inhibited cell apoptosis by bcl-2–dependent
and –independent mechanisms in endothelial cells (47). In our 
study, fumagillin antagonized VEGF proliferative effects. Thus, bcl-2
appeared to be one of many potentially downregulated proteins by



fumagillin. In recent years, approaches such as identification of agent(s)
that can modulate bcl-2 have become the subject of active investigation
to control cancer cell growth. In addition, telomerase has also attracted
a great deal of interest as a possible target in cancer biology. The appar-
ent lower levels of measurable telomerase activity in normal mesothe-
lial cells and its detection in human mesothelioma cells have raised the
possibility that telomerase may also serve an important target to con-
trol the growth of this tumor.

In spite of wide occurrence of deregulation of bcl-2 and telomerase
activity in cancer cells, to date, to the best of our knowledge, no close
linkage between MetAP2 and these two phenotypes has been reported.
Our findings of the modulation of telomerase activity by inhibition of
MetAP2 activity via a widely deregulated survival factor, bcl-2, and
their implication in an apoptotic pathway, could open new possibili-
ties to develop novel strategies for MM by co-targeting angiogenic and
apoptotic pathways.
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10
Immune Status and Mesothelioma

Elliott Kagan

Although there is a considerable body of published literature concern-
ing the putative role of immune status in the pathogenesis and pro-
gression of common malignancies such as lung and breast cancers, this
area of research previously had been relatively neglected with respect
to malignant mesothelioma, a comparatively uncommon tumor. Over
the past decade, however, the development of animal mesothelioma
models and the widespread availability of mesothelioma cell lines to
researchers has focused increasing interest in this area. Furthermore,
occupational and environmental asbestos exposure hitherto had been
regarded as the most important global causes of mesothelioma and,
since inhaled asbestos fibers have been shown to suppress innate cel-
lular immunity, studies of asbestos-exposed individuals and of ex-
perimental asbestos exposure have provided valuable insight into 
how altered immune status may allow mesothelial tumors to escape
immune surveillance. It is also conceivable that variability in host
immune status, coupled with individual differences in genetic suscep-
tibility to mesothelioma among similarly exposed subjects (1,2), may
account for the considerable variation in incidence of mesothelioma in
different exposure settings, which can span two orders of magnitude
(3–5). Given the now well-recognized association of simian virus 40
(SV40) with malignant mesothelioma (6), opportunities now exist to
study the immune status and to develop vaccination protocols of
seropositive subjects at risk.

Innate Immunity Against Mesothelioma Cells

Non–major histocompatibility complex (MHC)-restricted cytotoxic lym-
phocytes have the capacity to lyse tumor cell targets of various origins
and comprise natural killer (NK) cells, NK T cells, and gd T cells (7). 
All are derived from a common lymphoid precursor but differentiate
along separate pathways. Whereas NK cells are CD56+ but lack the CD3
and T-cell receptor markers, NK T cells and gd T cells coexpress CD3 as
well as differing forms of the T-cell receptor. Unlike conventional T cells,
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gd T cells do not express CD4 or CD8. It is of interest that established gd T-
cell clones have been shown to demonstrate varying degrees of cytotox-
icity against individual mesothelioma cell lines (8). The NK cells can be
stimulated to proliferate ex vivo by the addition of interleukin-2 (IL-2) to
produce lymphokine-activated killer (LAK) cells (9), which have been
shown to exhibit a broader spectrum of tumoricidal activity than do NK
cells (10). Similarly, NK T cells can be greatly expanded ex vivo by the
timed addition of interferon-g (IFN-g), IL-2, and anti-CD3 to generate
cytokine-induced killer (CIK) cells (7). All these cell types are involved in
innate immune responses to tumors, but they lack the capacity for
immunologic memory.

In cancer-bearing hosts, NK cells have been considered to be the
major component of antitumor immunity responsible for rapid elimi-
nation of malignant cells, and there is evidence that adoptively trans-
ferred LAK cells can selectively localize in solid tumors tissue and
eliminate established tumors (11). However, there have been few clin-
ical studies of NK or LAK cell function in mesothelioma patients. In
one study, 70% of patients demonstrated significantly depressed NK
cell activity, a finding that was improved by the addition of IFN-g to
the patients’ peripheral blood lymphocytes in vitro (12). In this regard,
it should be noted that NK cells have inhibitory receptors whose
ligands are MHC class I molecules (7,13). This could provide one expla-
nation as to why mesothelioma patients have impaired NK cell killing,
since mesothelioma cell lines are known to express human leukocyte
antigen (HLA) class I molecules constitutively (14,15). In another study,
patients demonstrated significant reduction of LAK cell activity against
mesothelioma cell targets, a phenomenon that appeared to be due to
prostaglandin-induced immunosuppression, since LAK functional
activity was restored by the addition of 10mg/mL of indomethacin to
the patients’ lymphocytes (16). Nevertheless, LAK cell killing of both
freshly explanted mesothelioma cells and established mesothelioma
cell lines has been shown to be significantly greater than that exhibited
by NK cells (17).

Asbestos Exposure and Innate Immunity

Since asbestos workers are at risk of developing mesothelioma and other
cancers, clinical studies of such individuals have provided insight 
into how tumors might escape immune surveillance in susceptible 
individuals with disordered immunoregulation. There is substantial
evidence that systemic T-cell function is depressed in asbestotic subjects.
Several studies have shown that such individuals manifest impaired
peripheral blood T cell responsiveness to mitogens, findings that were
independent of age or smoking status (18–21). Defective lymphokine
generation also has been described in association with asbestosis 
(22). When delayed-type hypersensitivity responses were assessed in
asbestos workers and in unexposed subjects, a disproportionate number
of individuals with radiologically detectable asbestosis demonstrated
cutaneous anergy to either de novo (2,4-dinitrochlorobenzene) or recall
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(tuberculin, streptokinase-streptodornase, or Candida albicans) antigens
(18,23,24). Moreover, there was a good correlation between the presence
of cutaneous anergy and the duration of asbestos exposure. Likely 
explanations for these findings include the presence of circulating
“inhibitors” of lymphoid cell activation (18,25) and the selective loss 
of circulating T-suppressor (TS) cells that has been demonstrated in
patients with asbestosis (20). The fact that chrysotile asbestos fibers can
induce the temporary downregulation of cell surface CD4 and CD45RA
expression in cultured human peripheral blood mononuclear cells (26)
provides additional support for the latter notion, since CD4+ CD45RA+

T cells have been shown to induce the activation of CD8+ TS cells (27).
Whatever mechanisms are involved, the impairment of innate immu-
nity that has been detected in asbestos workers may be a consequence of
the translocation of inhaled asbestos fibers to lymph nodes and to the
spleen (28–30).

The use of flow cytometry has demonstrated notable differences in
the proportions of T-cell subsets in the blood and bronchoalveolar
lavage (BAL) of asbestos-exposed subjects when compared with those
in unexposed individuals. Peripheral lymphopenia has been well
described in association with asbestosis (21,31–33), and in one study
the intensity of the lymphopenia correlated with the radiographic
severity of asbestosis (33). The number of circulating T cells (as defined
by CD3 and other pan–T-cell markers) also has been shown to be sig-
nificantly reduced in asbestotic subjects compared with that in unex-
posed controls (21,31–35). Analysis of T-cell subsets in the peripheral
blood generally has demonstrated a reduction in the proportions of T
cells expressing either the helper/inducer (CD4+) or suppressor/cyto-
toxic (CD8+) phenotypes. A correlation also has been shown between
the intensity of asbestos exposure and a decreased blood CD8+/CD4+

ratio when corrections were made for the confounding effects of
smoking (33,34).

Several studies have analyzed the composition of BAL lymphoid cell
populations in asbestos-exposed individuals (32,35–37). A notable
finding in most of these studies has been a lymphocytic alveolitis, char-
acterized by increased percentages and numbers of BAL lymphocytes
and CD4+ cells with reductions in the proportions of CD8+ cells. These
changes were most likely to occur in asbestos-exposed subjects with
radiographic stigmata of asbestosis or asbestos-related pleural injury.

Asbestos exposure also is known to influence NK function. Asbestos
fibers were shown to impair peripheral blood and BAL NK cell activ-
ity in vitro, an effect that was induced by all commercial types of
asbestos and that was prevented by pretreatment of the lymphoid cells
with recombinant interleukin-2 (rIL-2) (38). The same group subse-
quently showed that chrysotile (but not amphibole) fibers also sig-
nificantly suppressed the in vitro activity of LAK cells from normal
subjects (39). Although one study has demonstrated normal NK func-
tional activity in asbestos workers (38), others have shown that NK
function declines with increasing intensity or duration of asbestos
exposure (40–42). Immune abnormalities that are detectable in asbestos
workers are summarized in Table 10.1.
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Tumor-Infiltrating Lymphocytes (TIL) in Mesothelioma

Lymphocytic infiltrates are not usually prominent within the stroma of
mesothelioma biopsies and there are few reports of their possible sig-
nificance. An early South African study of 58 cases noted that 94% of
those having a minimal or absent lymphocytic reaction had a mean sur-
vival of 9 months after diagnosis, whereas two thirds of those having
a significant lymphocytic response survived longer than 18 months
after diagnosis (43). The authors concluded that the presence of a sig-
nificant lymphocytic infiltration was indicative of a better prognosis. 
A recent British study of only 15 mesothelioma cases has, however, 
disputed this assertion (44). Nevertheless, the earlier authors’ conclu-
sions are supported by an anecdotal report of transient, spontaneous
regression of a pleural mesothelioma characterized by a prominent
lymphocytic infiltrate in association with serologic reactivity against
autologous mesothelioma antigens, findings that essentially disap-
peared when the patient eventually succumbed to her tumor (45).

Adaptive Immunity Against Mesothelioma

There is evidence that mesotheliomas sometimes can be immunogenic
and that affected patients are capable of mounting specific serologic
responses to their tumors. In one study of 29 mesothelioma patients,
28% manifested high-titer immunoglobulin G (IgG) antibodies detect-
able by Western blot analysis against a variety of different antigens,
some of them nuclear, expressed by a range of tumor cells of differing
lineage (46). Moreover, antibody titer also increased in tandem with
disease progression. In contrast, normal sera displayed no such reac-
tivity. In a follow-up study, the same group identified six patient-
specific nuclear antigens using the technique of serologic identification
by recombinant expression cloning (SEREX) and pooled patients’ sera
as the probe against an expressed complementary DNA (cDNA) library

Table 10.1. Effects of asbestos on T-cell, natural killer (NK)-cell, and
lymphokine-activated killer (LAK)-cell function
Cell type Functional effect References

T cells Peripheral lymphopenia 21,31–33
Decreased circulating T-cell numbers 21,31–35
Loss of suppressor T cells 20
Downregulated CD4+ and CD45RA+ expression 26
Impaired mitogen responsiveness 18–21
Impaired lymphokine production 22
Cutaneous anergy to recall and de novo antigens 18,23,24
Inhibitors of lymphoid activation 18,25
Decreased blood CD8+/CD4+ ratio 33,34
Bronchoalveolar lavage (BAL) lymphocytic 32,35–37

alveolitis
Decreased BAL CD8+/CD4+ ratio 32,36,37

NK cells Impaired blood and/or BAL NK activity 38,40–42
LAK cells Impaired LAK cell activity 39
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derived from a cloned mesothelioma cell line (47). However, none of
the antigens detected were uniquely expressed in mesothelioma cells,
and it is not clear whether the patients’ serologic responses necessar-
ily conferred immune protection against their tumors.

Of central importance is the ability of cancer patients to mount an
effective cell-mediated immune response against their tumors by 
generating effector CD8+ cytotoxic T lymphocytes (CTL) against tumor-
associated antigens. Efficient activation of CTL requires tumor-
associated peptides to be presented in the context of membrane-bound
MHC class I complexes, the presence of membrane co-stimulatory 
molecules such as CD80 and CD86 on antigen-presenting cells, the
induction of IL-2 and other cytokines by CD4+ helper T cells, and the
differentiation of recruited CD8+ T cells into CTL (48). As is the case
with many other cancers, however, the milieu is not conducive for 
efficient activation of CTL in patients with mesothelioma, allowing 
the tumor to evade the host’s adaptive response. There are a number
of possible explanations for this state. These include altered MHC 
class I phenotypes on tumor cells (49), inadequate expression of co-
stimulatory molecules (50,51), insufficient numbers of tumor-specific
CD4+ helper T cells that may be needed to synergize with CTL (52),
secretion of transforming growth factor-b (TGF-b), generation of reac-
tive nitrogen species (RNS), upregulated tumor cyclooxygenase-2
(COX-2) expression and prostaglandin E2 secretion (53,54), and the gen-
eralized immunosuppression associated with advanced cancer (48).

A daunting challenge to circumvent the possibility of tumor escape
in individuals at risk of developing mesothelioma (e.g., asbestos
workers or SV40-exposed subjects) would be to vaccinate them against
putative mesothelioma-associated antigens in order to generate CTL
in immunologically uncompromised hosts. One study took a step in
that direction by identifying seven candidate peptides within the Tag
protein domain required for SV40 transformation that could bind and
stabilize HLA-A*0201 molecules, the most widely expressed human
MHC allelic product (55). Two of those peptides were shown to be
immunogenic because they induced SV40 large-tumor antigen (Tag)-
specific CTL from healthy peripheral blood lymphocytes and one was
found to be endogenously processed by an SV40-transformed human
mesothelial cell line. Recently, other investigators have generated CTL
from the peripheral blood of one of three HLA-A2+ mesothelioma
patients using one of the same candidate peptides used in the earlier
study (56). Activity of CTL was shown to be directed against an HLA-
A2.1+ mesothelioma cell line transfected with SV40 Tag cDNA in an
MHC class I–restricted manner.

Oxidant-Mediated Immunosuppression 
and Mesothelioma

A number of studies have shown that inhaled asbestos fibers can induce
the formation of reactive oxygen and nitrogen species in the lungs and
pleura. Iron-rich crocidolite asbestos fibers have been shown to gener-
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ate hydroxyl radical (◊OH) formation via superoxide (◊O2
-)-driven, iron-

catalyzed Haber-Weiss (Fenton) reactions, which have been implicated
in asbestos-induced injury, as evidenced by catalase-mediated inhi-
bition of asbestos-induced mesothelial cell apoptosis (57) and lung
inflammation and fibrogenesis (58). The use of a rat asbestos inhalation
model also has demonstrated that both crocidolite and chrysotile
asbestos fibers stimulate the formation of reactive nitrogen species in
vivo as a consequence of persistent pleuropulmonary inflammation,
macrophage recruitment, and cytokine secretion (59–61). Notably,
inhaled asbestos fibers induced upregulated inducible nitric oxide syn-
thase (iNOS) expression and nitric oxide radical (◊NO) production by
pleural macrophages (59,60) as well as nitrotyrosine formation in vis-
ceral and parietal pleural mesothelial cells (60). Nitrotyrosine is a sur-
rogate marker for peroxynitrite (ONOO-), a highly reactive oxidizing
and nitrating species that has been shown to activate the extracellular
signal-regulated kinase (ERK) signaling pathway by targeting the epi-
dermal growth factor (EGF) receptor, Raf-1 and MEK independently
(62). In this regard, it is significant that crocidolite and chrysotile expo-
sure recently were shown to induce protracted in vivo ERK activation
in association with tyrosine nitration in the rat lung (61). Since ERK acti-
vation can induce phosphorylation and stimulate the DNA-binding
activity of c-Fos, Fra-1, and other activator protein-1 (AP-1) transcrip-
tion factors, it is conceivable that prolonged induction of targeted AP-1
family members may lead to deregulation of cell proliferation and dif-
ferentiation that may play a role in asbestos-mediated oncogenesis (63).
Support for this notion is provided by the recent demonstration that
inhibition of MEK1 in the ERK signaling pathway by the inhibitor
PD98059 resulted in reversion of the transformed phenotype in rat
mesothelioma cell lines (64).

Several studies indicate that the generation of RNS can induce or
potentiate an immunosuppressive state by promoting apoptosis in T
cells. Murine models of trypanosomiasis (65) and histoplasmosis (66)
are associated with immunosuppression of antigen-specific lympho-
proliferative responses and elevated levels of apoptosis in splenocytes,
findings that are significantly reversible by treatment of infected mice
with NG-monomethyl-l-arginine (l-NMMA), an inhibitor of ◊NO
production. Moreover, the in vitro addition of l-NMMA to peripheral
blood mononuclear cells from AIDS patients reduced lymphocyte
apoptosis and facilitated recovery of lymphoproliferative responses,
whereas co-incubation of the patients’ lymphocytes in vitro with ◊NO
donors significantly increased the severity of apoptosis (67). The addi-
tion of ONOO- to normal human peripheral blood T cells also has been
shown to suppress mitogen- and CD3-mediated lymphocyte activation
and proliferation by promoting impaired tyrosine phosphorylation and
apoptosis (68). It is noteworthy that overexpression of iNOS has been
detected in 74% to 100% of mesothelioma biopsies but rarely or not at
all in nonmalignant or nonreactive pleural tissues (54,69). Moreover,
culture supernatants of cytokine-treated human colon carcinoma cells
that contained high levels of ◊NO significantly suppressed human lym-
phocyte mitogen-induced proliferation (70).



Transforming Growth Factor-b–Mediated
Immunosuppression and Mesothelioma

Transforming growth factor-b (TGF-b) is a pleiotropic cytokine that
exists in three isoforms, TGF-b1, TGF-b2, and TGF-b3, and, when
secreted, exists predominantly in a latent form bound to a latency-
binding peptide. When activated by protease action, TGF-b mediates its
effector functions via its cognate receptors (TbR-I and TbR-II) and the
Smad protein signaling pathway (71). Tumor-specific mutations of 
TbR-I and especially of TbR-II have been described in several different
types of malignancies (72) as have mutations of smad2 (73) and smad4
(74). Transforming growth factor-b appears to have a biphasic role 
in tumorigenesis: in the early phases, it acts as a tumor suppressor,
whereas in the later stages, when tumor cells have escaped its antipro-
liferative effects and start to secrete high amounts of TGF-b, this cytokine
may act to promote tumor invasion and metastasis (75). Noteworthy in
this respect is the fact that both human and murine mesothelioma cells,
as well as cell lines derived from human, murine, and rat mesothe-
liomas, have been shown to express and secrete TGF-b (76–80), while
antisense oligonucleotides targeting TGF-b messenger RNA (mRNA)
inhibited tumor cell proliferation (78) and anchorage-independent
growth (77). The importance of secreted TGF-b within the local milieu of
mesothelioma patients is underscored by the finding of TGF-b1 and TGF-
b2 levels in pleural effusions caused by mesotheliomas that were three to
six times as high as those detected in effusions caused by primary lung
cancers (81). Genetic factors can influence the effects of TGF-b–mediated
signaling. Thus, in one study, TbR-I(6A), a polymorphic allele of TbR-I,
was identified as a tumor susceptibility allele in cancer patients (82),
whereas another study demonstrated that the 129J mouse strain was
uniquely resistant to the fibrogenic effects of asbestos and manifested a
delayed response to the fibroproliferative effects of TGF-b1 (83).

Immunosuppressive effects of TGF-b on innate and adaptive immu-
nity have been noted in a number of model systems that have shown
that this cytokine can suppress lymphocyte activation, proliferation,
and function both in vitro and in vivo (84). Also, TGF-b has been shown
to block LAK activity of human lymphocytes in a dose-dependent
fashion (85). Conversely, splenic LAK cell activity from mice injected
with a human glioma cell line was greatly enhanced when the glioma
cells were transfected with antisense TGF-b1 prior to being injected (86).
In another study, cloned NK T cells established from TIL in a B16 mel-
anoma that were shown to secrete TGF-b were able to inhibit in vivo
antitumor responses (87). Furthermore, TGF-b–transduced dendritic
cells in C57BL10 (H2b+) mice showed marked impairment in allostim-
ulatory activity of C3H/HeJ T cell (H2k+) T cells in vitro and were able
to prolong heart allografts’ survival in vivo (88). Importantly, TGF-b
also can inhibit the generation of CD8+ CTL both in vitro (89) and in
vivo (90), and T-cell–specific blockade of TbR-II–mediated signaling
has allowed mice to effectively overcome live tumor challenge via gen-
eration of a tumor-specific immune response (91).
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Asbestos-exposed individuals may especially be prone to the
immunomodulatory effects of TGF-b in the pleural microenvironment.
All three TGF-b isoforms have been detected in both lung parenchy-
mal and pleural fibrotic lesions in lung sections from Canadian
asbestos miners and millers (92) and in the evolving lung lesions of rats
exposed to chrysotile asbestos by inhalation (93). Since pleural plaques
can coexist with mesothelioma (94), these could provide a ready source
of TGF-b production in some patients that might facilitate the pro-
gression of their tumors. It is also possible that protracted asbestos-
induced TGF-b secretion in the lungs may diffuse across to the pleural
space in a manner analogous to that seen when rats transduced intra-
tracheally with an adenovector overexpressing the active form of TGF-
b1 were shown to develop significant pleural fibrosis (95).

Conclusion

Although malignant mesothelioma may not represent a classic
immunogenic tumor, there is abundant evidence suggesting that
immune status may play an ancillary role in determining host suscep-
tibility to the development and progression of mesothelioma. As illus-
trated in Figure 10.1, it is conceivable that cytokine-driven, persistent
pleural inflammation and macrophage recruitment, in association with
locally generated reactive oxygen and nitrogen species and TGF-b
secretion, may provide a favorable milieu for the development and 
progression of mesothelioma in genetically susceptible subjects who
were occupationally or environmentally exposed to asbestos. Similar
considerations possibly may pertain to erionite-exposed persons 
who developed mesothelioma in the Cappadocian region of Turkey
(2,96).

Attempts to boost the antitumor immune response in mesothelioma
patients have served as the basis for several immunotherapeutic 
clinical trials, which generally have had disappointing results (97).
These have included intrapleural or intratumoral instillation of IL-2,
IFN-g, or granulocyte macrophage colony-stimulating factor (98–102),
intrapleural infusion of activated macrophages and IFN-g (103), and
intrapleural gene therapy approaches using replication-deficient 
adenovirus-mediated delivery of herpes simplex virus–thymidine
kinase (Ad.HSV-tk) to transduce the patients’ mesothelioma cells
(104,105). Some of the limitations in these approaches have been in the
selection of patients with advanced tumor stage or in whom there was
inadequate debulking of tumor prior to commencing immunotherapy.
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11
Extracellular Matrix and
Mesothelioma: Some Clues to the
Invasive Behavior of Mesothelioma
Julius Klominek and Dan Hauzenberger

Malignant mesotheliomas are highly aggressive diffuse tumors aris-
ing from mesothelial-lined surfaces. Mesotheliomas spread along 
mesothelial-lined surfaces to involve the pericardium, contralateral
hemithorax, and peritoneal cavity by invasion through the diaphragm.
The resulting tumor often forms diffuse thickening of involved surfaces
rather than solitary rounded lesions as seen in other neoplasms (1,2).
Malignant mesotheliomas also invade the underlying basement mem-
brane and produce metastases in up to 80% of patients (3–5). Invasion
through needle biopsy tracts and incision in the thoracic wall is a
common feature in malignant mesotheliomas (6,7). During this process
mesothelioma cells must interact with extracellular matrix proteins,
growth factors embedded in it, and stromal cells, which participate in
synthesis and modifications of this microenvironment. Today, the cen-
tral theme of research about tumor etiology, progression, and metasta-
sis focuses more on the crosstalk between tumor cells, extracellular
matrix, and a variety of host cells rather than the behavior of individ-
ual tumor cells taken out of their microenvironmental context (8).

This chapter summarizes evidence describing various aspects of
mesothelioma interactions with different components of the extracel-
lular matrix, and the possible role of these interactions in the invasive
behavior of this tumor.

Extracellular Matrix

Extracellular matrix (ECM) can be defined as a complex mixture of 
proteins, proteoglycans, and adhesive glycoproteins that provides
structural and mechanical support to cells and tissues (9,10). Moreover,
it is a reservoir of active and latent growth factors (11,12). The compo-
nents of the ECM act in concert with growth factors and other cells and
molecules present in it, to regulate a wide variety of cellular processes
both in health and disease.
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The ECM appears during evolution with the onset of multicellular
life (13). Depending on the tissue environment, the cells interacting
with the ECM respond through appropriate matrix receptors by chang-
ing gene expression and differentiation (14). Other cellular events
affected by cell–matrix interactions include cell growth, cell death,
adhesion, migration, and invasion. In turn, these cell–matrix interac-
tions regulate physiologic processes such as embryonic development,
tissue morphogenesis, and angiogenesis (14,15).

Under normal physiologic conditions, ECM units called basement
membrane (16) and underlying tissue stroma maintain highly ordered
and complex tissue architecture (17). Thus, these matrix boundaries
delineate tissues and suppress inappropriate mixing of cells. During
dynamic phases such as morphogenesis and wound healing, mainte-
nance of tissue architecture is governed through signaling by soluble
and solid-phase molecules of the ECM as well as by cell–cell commu-
nication (18,19). In malignancy there is an imbalance in these signals
leading to violation of normal tissue boundaries (20). With acquisition
of malignant phenotype, sooner or later, altered cell–ECM and cell–cell
signals lead to release of normal constraints, enabling some malignant
cells to migrate out of their original site and invade adjacent tissues
(21,22). Today we have abundant evidence showing that ECM should
no longer be considered as a reactive component without major bio-
logic significance but rather an active player in tumor development,
invasion, and metastasis.

Basement Membrane and Stroma Composition

Basement membrane is a dense matrix of collagen and glycoproteins
such as fibronectin, laminin, and proteoglycans (23). Its primary role 
is physical cell support, control of cell polarity, and differentiation.
Basement membranes, with few exceptions, do not contain any pores
large enough to allow cell transmigration. It follows, then that invasion
of the basement membrane is an active process.

Basement membrane is normally produced and deposited by epithe-
lial, endothelial, or mesothelial cells, which then remain in close contact
with its components (17). These contacts are mediated by integrin and
nonintegrin receptors that recognize glycoproteins such as fibronectin,
laminin, and collagen type IV (24–28).

Interstitial stroma is composed of various components of the ECM and
stromal cells. Solid-phase and soluble components of stroma include 
glycoproteins, collagens, glycosaminoglycans, and elastin (17,29,30).
The predominant cell of the stroma is fibroblast, which is responsible 
for the production of different collagens, proteolytic enzymes and their
inhibitors, as well as growth factors. Other cells represented in the
stromal compartment include myofibroblasts, immune cells such as lym-
phocytes and dendritic cells, and inflammatory cells such as monocytes,
granulocytes, and vascular cells (31).

Extracellular matrix composition varies somewhat between different
organs. Depending on the specific tissues and organs, appropriate cells
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deposit matrix proteins that support specialized physiologic functions.
Under normal conditions ECM is not permeable for cell movement.
However, during wound healing, angiogenesis, inflammation, or
tumor cell invasion, ECM undergoes enzymatic degradation and
remodeling, allowing appropriate cells to transmigrate (32). Migration
occurs along different components of the ECM in concert with growth
factors or motility factors (33–36).

Basement Membrane and Stroma in Normal
Mesothelium and Mesotheliomas

Composition and function of the pleura and peritoneum have been
studied in different animals and humans. Key features such as pres-
ence of single cell layer basement membrane and underlying stroma
are a constant finding between species (37–42). Normal mesothelium
of pleura or the abdominal cavity is a single layer of distinctly polar-
ized mesothelial cells that rests on a continuous basement membrane
(Fig. 11.1). Besides providing mechanical support and controlling 
architectural arrangement of these cells, basement membrane is also
involved in modulation of permeability characteristics of the pleura
and peritoneum (43–45).

In early quantitative studies of pleural ECM, collagens as a group
and particularly, collagen type I, were described to compose a major
portion of the pleural connective tissue (46–48). Subsequent studies
allowed more precise identification of individual collagen types and
other ECM components of the basement membrane.

Collagens

The collagens are a family of at least 20 different molecules character-
ized by common structural features (49). These include a triple helical
region, nonhelical regions, and globular domains. Collagens provide
mechanical stability and strength, interacting with one another or with
other ECM components. Fibrillar collagen types I, II, III, V, and XI are
predominant components of stroma. Collagen types IV, VI, VIII, and 

Submesothelial stroma and stromal fibroblasts

Single cell mesothellial cell layer (thin basement membrane beneath mesothelial cells is not visible)

Figure 11.1. Normal human mesothelial cells and underlying submesothelial
stroma.
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X do not form fibrils but are cross-linked into a three-dimensional
network (50).

Normal mesothelium rests on a basement membrane that contains
collagen types I, III, and IV (40,51). Studies of paraffin-embedded tis-
sues from normal adults and adults with active pleuritis showed that
areas of mesothelial cell injury were associated with loss of the sub-
mesothelial basement membrane and that mesothelial cells play an
active role in production of ECMs during healing of pleural injury (42).

The presence of collagen in malignant mesotheliomas has been 
noted by light (1,52,53), and electron microscopy (54,55). Large
amounts of collagenous matrix were particularly prominent in the
desmoplastic variant of malignant mesothelioma (56,57). Besides
demonstration of tumor cells and tumor cell invasion, the presence of
collagenous matrix is a key diagnostic feature of desmoplastic tumors
(58,59), including malignant mesothelioma (60). Collagenous matrix is
also present in the sarcomatous and epithelial types of mesothelioma 
(Fig. 11.2) (60).

These early light and electron microscopic findings have later been
corroborated using immunohistochemical methods. Using polyclonal
anticollagen type I and type IV antibodies, both types of collagen have
been demonstrated in clinical specimens of malignant mesothelioma
(61,62). The data from these studies indicated that malignant mesothe-
liomas have the ability to synthesize basement membrane components
such as collagen type IV (3,62). Using monoclonal antibodies to colla-

Malignant mesothelioma cells and extracellular matrix

Figure 11.2. Malignant mesothelioma cells embedded in extracellular matrix.



gen type IV, Di Muzio et al (63) demonstrated the presence of this mol-
ecule around individual mesothelioma cells of epithelial subtype. This
feature distinguished epithelial mesotheliomas from peripheral lung
adenocarcinomas. Additional data confirming collagen synthesis 
were obtained from studies of malignant mesotheliomas in culture. In
these studies, light microscopic, chemical, and immunohistochemical
methods were used to demonstrate production of collagens in malig-
nant mesotheliomas (64–67).

Collagens and other components of the ECM act in concert with
growth factors and motility factors during tumor cell invasion and
metastasis (32,33,36). Growth factors with motility-inducing properties
such as hepatocyte growth factor (HGF), have been shown to stimulate
chemotaxis, chemokinesis, and invasiveness in malignant mesothe-
lioma cell lines in the presence of matrix proteins (66,68). Malignant
mesotheliomas synthesize and secrete ECM proteins and growth
factors such as HGF (66,69,70). The same cells also express appropriate
receptors for these molecules (70,71) and migrate to these self-secreted
matrix proteins and growth factors. Taken together, the findings 
indicate a possible autocrine motility-stimulating loop in malignant
mesotheliomas. Accordingly, these in vitro properties of malignant
mesothelioma cells may provide some clues to the highly motile, inva-
sive characteristics of this tumor in vivo (66,70).

Fibronectin

Fibronectin is a multifunctional glycoprotein that is found in two dif-
ferent forms: soluble, found in body fluids, and solid, found in loose
connective tissue and most basement membranes. In vivo, physiologic
sources of fibronectin are hepatocytes that produce soluble forms and
fibroblasts, and endothelial cells (and many others) that synthesize
solid forms of this molecule (72–74). Fibronectin acts through several
distinct domains that promote cell adhesion, cell migration, and matrix
assembly. In addition, fibronectin is an essential component mediating
cell–collagen interactions. The interactions among collagen, proteogly-
cans, and fibronectin are important in matrix assembly and in devel-
opment of the structural organization of the ECM (75,76). In tumors,
fibronectin often accumulates in the stroma (77,78). Interestingly, at the
invasive edge of mammary carcinomas, fibronectin is lost in a major-
ity of cases (79).

Cultured normal mesothelial cells and their malignant counterparts
synthesize and secrete fibronectin in vitro (66,67,80,81). In addition,
normal and malignant mesothelial cells have the ability to assemble
fibronectin into homogeneous fibrillar arrays of organized matrix,
located primarily between the cells (66,82). Evidence from other
tumors, such as synovial sarcoma, indicates that these tumors have 
the ability to produce and secrete fibronectin in vivo (58). However, 
in patients with mesothelioma, fibronectin has been identified only in
pleural fluids (83).

Experiments with malignant mesothelioma cell lines indicate that
these cells adhere, spread, and migrate in response to both soluble 
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and solid forms of fibronectin (66,67,71). In analogy to collagens and
laminin, the presence of fibronectin is an absolute requirement for
growth factor–induced migration of both normal and malignant
mesothelial cells (84,85).

Laminin

Laminins are major components of basement membranes mediating a
variety of functions such as cell adhesion, cell migration, neurite out-
growth, cellular proliferation, and basement membrane assembly (86).
Laminin was first isolated from the matrix of mouse EHS tumor (87)
and is now known to consist of a family of proteins that is composed
of variably expressed chains that generate several different isoforms
that vary in size, composition, and structure (88). Laminins are pro-
duced by a large variety of cells (9). Together with collagen type IV,
laminin forms the structural framework of basement membrane, where
it is responsible for induction of epithelial cell differentiation and estab-
lishment of cell polarity (89). In malignancy, laminin has been sug-
gested to mediate adhesion of tumor cells to the basement membrane
prior to invasion (90). In experimental models, adhesion to laminin
plays a role in cell attachment, cell migration, and hematogenous
metastasis (21,91,92).

Normal and malignant mesothelial cells synthesize and secrete
laminins in vitro and in vivo (62,66,67,80). In histologic sections of
malignant mesotheliomas, laminin staining was primarily located in
the cytoplasm, but in some areas laminin was also demonstrated extra-
cellularly. However, demonstration of laminin immunoreactivity in
mesotheliomas has no diagnostic or prognostic value (62). Laminin
production by primary breast carcinomas was also investigated using
immunohistochemistry on archival specimens from a retrospective
series with long-term follow-up. Laminin production was found to be
independent of the clinical and pathologic variables analyzed (93).

In malignant mesotheliomas in cell culture, laminin induced cell
adhesion, spreading, and chemotactic and haptotactic migration, 
indicating its role in tumor cell invasion (66,67,71).

Thrombospondin

Thrombospondins (TSPs) are a family of secreted, modular glycopro-
teins whose functions are not well understood. Unlike the various
structural proteins of the ECM, TSPs do not appear to contribute
directly to the integrity of a physical entity, such as a fiber or a base-
ment membrane (94). Rather, it seems that these proteins act contextu-
ally to influence cell function by modulating cell–matrix interactions
(95).

The role of thrombospondin-1 was investigated in relation to 
prognosis in surgically resected malignant pleural mesothelioma.
Expression of thrombospondin messenger RNA (mRNA) has been
demonstrated both in normal pleural tissue and normal lung tissue.
Significantly higher expression was found in a majority of resected
malignant mesotheliomas (96). These results were consistent with pre-
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vious data gathered from investigations of other tumors (97). Although
thrombospondin-1 was overexpressed in the majority of mesothe-
liomas, the level of expression had little prognostic value (96).

Elastin

Elastin, a cross-linked protein of the ECM, is the major component of
several elastic tissues such as lung, blood vessels, and skin (98). Elastin
as part of ECM was shown to mediate cell adhesion of monocytes,
fibroblasts, and tumor cells (99). Elastin-derived peptides, especially a
hexapeptide, VGVAPG, is chemotactic for several types of cells such as
monocytes and fibroblasts and for certain tumor cells (100). Elastin pro-
duction has been demonstrated in normal mesothelial cells in culture
(80) but not in malignant mesotheliomas. However, a 67-kd elastin/
laminin receptor has been identified in human malignant mesothe-
liomas by immunohistochemistry (62). Interestingly, experimental evi-
dence from other tumors links a 67-kd elastin/laminin receptor to
invasion and metastasis formation and poor prognosis in breast cancer
patients (27,32,101).

Glycosaminoglycans and Proteoglycans

Glycosaminoglycans (GAGs) are linear polysaccharides consisting of
repeating disaccharide units. They include heparan sulfate, chondroitin
sulfate, dermatan sulfate, keratan sulfate, and hyaluronic acid (HA)
(17,102,103).

Among GAGs, hyaluronic acid is the molecule that has been most
extensively studied. It has been proposed to have functional impor-
tance in processes such as embryogenesis, angiogenesis, cell growth
and migration, wound healing, and the formation of high molecular
mass aggregates with various proteoglycans (103,104). Its role in malig-
nancy is at least threefold: it functions as a template for assembly of
other pericellular macromolecules, it interacts directly with cell sur-
face receptors that transduce intracellular signals, and it promotes
anchorage-independent growth and invasiveness (105).

Mayer and Chaffee (106) had observed the association between
hyaluronic acid and malignant mesothelioma as early as 1939. Since
then a large number of studies have investigated the functional and
diagnostic importance of HA in this tumor (107–112). These and other
studies not mentioned in this chapter, frequently identify elevated 
HA levels in pleural effusions or serum of patients with malignant
mesothelioma. High levels of HA in pleural effusions appear to be
related to the epithelial differentiation of malignant mesothelioma,
whereas low or “normal” levels of HA are found more frequently in
fibrous mesotheliomas (113). Elevated HA can also be found in pleural
effusions of patients with rheumatoid arthritis and other inflammatory
conditions, adding to the controversy surrounding the clinical useful-
ness of this test in mesothelioma and limiting its wide acceptance (114).
The source of HA in patients with malignant mesothelioma has also
been subject to controversy. Microscopic examination of mesothelioma
biopsies often reveals the presence of noncollagenous matrix sur-



rounding mesothelioma cells (60,109). Hyaluronic acid was also
demonstrated on human malignant mesothelioma cells growing in
nude mice xenografts (54). However, in 1993 Asplund et al (115) pro-
posed that normal human mesothelial cells rather than their malignant
counterparts were the source of HA in malignant mesothelioma, and
that secretion of HA into pleural fluids was induced by growth factors.

Hyaluronic acid synthases (HAS) are enzymes responsible for syn-
thesis of HA in plasma membrane. Using reverse-transcription poly-
merase chain reaction (RT-PCR), HAS1 was identified in malignant
mesothelioma of the epithelial subtype (115). In addition, increasing
concentrations of newly synthesized HA, chondroitin sulfate, and
heparan sulfate was demonstrated in cultured malignant mesothe-
lioma cells (117,118). Addition of growth factors such as platelet-
derived growth factor BB (PDGF-BB) to malignant mesothelioma
culture medium led to a 10-fold increase of HA synthesis (118). Taken
together, these data show that at least some malignant mesotheliomas
synthesize HA and other glycosaminoglycans. Recent data indicate
that HA contributes also to malignant phenotype in malignant meso-
thelioma, as it has the capacity to stimulate proliferation and migration
through interaction with HA receptor CD44 (119).

The proteoglycan family of ECM and cell surface molecules contains
more than 30 molecules that perform a variety of different functions in
the ECM. Proteoglycans act as tissue organizers, influence cell growth
and the maturation of specialized tissues, play a role as biologic filters,
modulate growth factor activities, regulate collagen fibrillogenesis and
skin tensile strength, affect tumor cell growth and invasion, and influ-
ence corneal transparency and neurite outgrowth (120).

The term proteoglycan refers to its molecular structure, consisting of 
a protein core to which glycosaminoglycan side chains are attached.
Functional characterization of proteoglycans reflects the location of the
molecule, whether mainly found in association with the cell surface or
the ECM (120).

Syndecans are a cell-associated proteoglycans that interact with
growth factors, ECM components, enzymes, protease inhibitors, and
chemokines. In malignant mesotheliomas, syndecan-1 expression 
was demonstrated in epithelial subtype and epithelial components in
biphasic form. In the sarcomatous type of mesothelioma, expression of 
syndecan-1 was weak or absent, indicating that this molecule is 
related to differentiation of mesotheliomas (116,121).

Integrins

The integrins are a large family of membrane glycoproteins consist-
ing of an a and b subunit, where a single b subunit is noncovalently 
associated with one of several possible a subunits (122). Integrins
mediate cell–matrix and cell–cell adhesion, a function that has been
implicated in processes like development, the immune response, 
hemostasis, and maintenance of tissue architecture (26,123). Integrins
also participate in a number of pathologic conditions, such as inflam-
mation, tumor cell invasion, and metastasis (25). At present there are
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at least 24 ab heterodimers formed of nine different b subunits and 
18 a subunits.

Integrin ECM ligands include a variety of molecules such as colla-
gen type I and IV, laminin, fibronectin, vitronectin, von Willebrand’s
factor, and thrombospondin (26). Integrins also have a signaling func-
tion where signals can be transduced in both directions, so-called
inside-out and outside-in signaling (124). Malignant cells often have
abnormal integrin function (124). Tumor cells generally show decreased
integrin function, which occurs either because the cells have fewer 
integrins as a result of dedifferentiation, or because integrin function
is suppressed through oncogenic transformation (125). In carcinomas,
there is a shift in integrin expression from those that favor the ECM
present in normal epithelium to other integrins (e.g., a3b1 and avb3) that
preferentially bind the degraded stromal components produced by
matrix proteases (126,127).

Normal human mesothelial cells and malignant mesothelioma cells
express a rather homogeneous pattern of a and b integrin subunits
(Table 11.1) (71). Notably, high levels of a3b1 integrin are consistently
expressed in both normal and malignant mesothelial cells (71,128,129),
whereas expression of classic lymphocyte fibronectin receptor is 
generally absent or very low (71,128,130). Vitronectin receptors avb3

and avb5 are also a constant feature of both normal and malignant
mesothelial cells. Vitronectin is a multifunctional adhesive protein
present in large concentrations in serum. In addition, vitronectin dif-
fuses into ECM, where it may bind and become concentrated as com-
pared with other serum proteins (131), and may also be found in
pleural and bronchoalveolar lavage fluid (132). Experimental evidence
indicates that normal mesothelial cells recognize and internalize 
vitronectin-coated asbestos fibers via avb5 integrin (132). Thus, this
finding provides clues to how integrins participate in asbestos-induced
biologic effects.

In malignant mesotheliomas, integrins appear to have two distinct
functions: they mediate cell attachment to ECM, and cell migration
(71,130). Experiments with antiintegrin antibodies revealed that prein-
cubation of mesothelioma cells with antibodies to b1, a2, a5, and a6 sub-
units inhibited both cell attachment and cell migration to fibronectin,
laminin, and collagen type IV. Interestingly, in some mesothelioma cell
lines preincubation of cells with a3 antibodies inhibited cell migration,
without any effect on cell attachment (71). These observations confirm
an important role of integrins in attachment and migration of tumor
cells and may contribute to our understanding of the highly motile,
invasive behavior of malignant mesotheliomas.

Crosstalk between integrins and growth factor receptors is an impor-
tant mechanism during normal development and pathologic processes
(133). In malignant mesothelioma cells crosstalk between a3 integrin
and PDGF receptor b is a prerequisite for PDGF-BB–induced chemo-
taxis (34). In vivo, PDGF is synthesized and released by several stromal 
cell types during wound healing (134). The PDGF produced around
damaged tissue could attract certain mesothelioma cells to invade
biopsy tracts and incisions as often seen in patients with malignant
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mesotheliomas (135). We hypothesize that inhibition of PDGF-induced
cell migration using novel small molecular drugs could contribute to
the reduction of mesothelioma cell invasion into needle biopsy tracts
and incisions.

Matrix Metalloproteases

Degradation of and migration through ECM barriers, such as basement
membrane and stroma, is a complex process that requires the produc-
tion, release, and activation of extracellular degrading enzymes (20).
Inappropriate overexpression of one or more of these enzymes has been
shown to occur in almost all cells of the tumor–host microenvironment,
for example, tumor cells, fibroblasts, and recruited macrophages (136).
Remodeling of the ECM is confined to the immediate pericellular envi-
ronment of the cell and is not solely dependent on the amount of pro-
teolytic enzymes present but on the balance of activated proteases and
their naturally occurring inhibitors (137).

Matrix metalloproteases (MMPs) are a family of zinc atom-
dependent endopeptidases with specific and selective activities against
many components of ECM. This family currently consists of at least 20
members, and most of them are secreted as zymogens that must be 
activated extracellularly (20).

The expression of MMPs in human tumors is the result of a complex
interaction between tumor cells and stromal host cells (e.g., fibroblasts,
endothelial cells, and inflammatory cells), which all actively participate
in the production of these enzymes (138). The proteolytic remodeling
of the ECM by MMPs does more than allow tumor cells to locally
invade and form metastases. Another major consequence of matrix
degradation by MMPs is the release of ECM-sequestered growth
factors, several of which play an important role in tumor cell survival
and proliferation, as well as angiogenesis (139). Importantly, similar
mechanisms are shared by physiologic and tumorigenic invasion. The
difference between them is that physiologic invasion is regulated,
whereas tumorigenic invasion appears to be perpetual (140).

Normal human pleural and peritoneal mesothelial cells secrete
MMP-2 and MMP-9 and the counterregulatory tissue inhibitors of me-
talloproteases (TIMP). Secretion of these enzymes is probably involved
in ECM turnover following serosal injury (141).

Malignant mesotheliomas in culture produce several proteases
belonging to the MMP family of enzymes. These include MMPs 1, 2, 
3, 7, 9, 10, membrane-bound MT1-MMP, and TIMP 1, 2, and 3
(68,142,143). Production of these enzymes was regulated by growth
factors such as HGF, epidermal growth factor (EGF), transforming
growth factor-a, b-cellulin, heparin-binding EGF, amphiregulin,
insulin-like growth factor I, and acidic and basic fibroblast growth
factors (68,142–144). Interestingly, several of these growth factors 
also stimulate migration of malignant mesothelioma cells (Fig. 11.3)
(70,144,145).

In addition to the known MMPs, malignant mesothelioma cells
secrete not yet characterized enzymes that specifically degrade fi-
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bronectin, vitronectin, and laminin but not collagen (142). While these
results do not provide specific answers to how these enzymes partici-
pate in matrix remodeling in vivo, it is apparent that mesotheliomas
produce a wide array of matrix-degrading proteases that may con-
tribute to highly invasive behavior of this tumor.

Conclusion

Malignant mesotheliomas synthesize, secrete, and assemble a wide
array of matrix proteins. They also express receptors that bind these
matrices and secrete enzymes that have the capacity to degrade ECM
components alone or in collaboration with host cells. New knowledge
of interactions between mesothelioma cells and their microenvironment
creates new possibilities, which will allow us to better understand the
etiology, progression, and spreading of this tumor. These new insights
that are emerging within the field of tumor biology and mesothelioma
research will help us to generate new questions and ideas that in the
near future will translate into diagnostic and therapeutic modalities.
Here are some examples: one of the longstanding questions in mesothe-
lioma research is the cellular origin of this tumor. Are mesothelial or
submesothelial cells responsible? Perhaps we should rephrase the ques-
tion and ask how mesothelial cells interact with submesothelial cell

Invading tumour
Basement membrane

Stroma

Stromal fibroblasts

Integrins

MMPs

Growth factors

Figure 11.3. Proposed schematic model of mesothelioma cell invasion. Tumor cells attach to the extra-
cellular matrix via integrins. Matrix metalloproteases (MMPs) degrade and alter matrix composition.
Interaction with matrix components or their degradation products induce cell migration. Growth
factors are either released from the matrix upon degradation, secreted by stromal cells, or secreted by
tumor cells in an autocrine fashion. Released or secreted growth factors act in concert with integrins
to additionally propel tumor cell migration. Release of MMPs by tumor or stromal cells is modulated
by secretion of tissue inhibitors of proteases. Growth factors may also regulate MMP release.



populations and its surrounding matrix to give rise to mesothelioma.
Erlotinib (Tarceva), Gefitinib (Iressa), and Imatinib (Gleevec) are new
small-molecule drugs that target receptor tyrosine kinases (EGF recep-
tor, c-kit, and PDGF receptor) expressed often on mesothelioma cells.
Interestingly, these drugs not only are cytostatic but also act in the
mesothelioma microenvironment by inhibiting cell migration and MMP
production (146). In the near future, results of clinical trials with these
drugs will be available. Other drugs that act in the mesothelioma
microenvironment are MMP inhibitors. Despite initial disappointments
in clinical trials, MMP inhibitors may have a role in treatment and pre-
vention of invasion and metastases (147). Finally, cDNA microarray
studies of malignant mesotheliomas reveal distinct genes that may
support development of new diagnostic tools for mesothelioma or
become potential drug targets for treatment of this tumor.
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12
Genomics and Proteomics 
in Mesothelioma
Anil Wali and Harvey I. Pass

Advances in molecular biology over the past decade have improved
our understanding of genetic, transcriptional, and translational alter-
ations in human cancers. The sequencing of the human genome has
resulted in the identification of many known and novel genes. Several
groups are engaged in determining the interactions and regulation of
all these genes to ascertain their function in early detection and pre-
vention of cancer. Recent advances in functional genomic technology
have begun to investigate interactive pathways to elucidate what,
where, when, and how these genes are expressed in an orchestrated
fashion. Other groups have concentrated on proteomics, or the study
of proteins, including their relative amount, distribution, posttransla-
tional modifications, functions, and interactions to address fundamen-
tal biologic questions in the progression of a disease from a normal to
a cancerous state. This chapter discusses the functional genomics and
expression proteomics approaches employed to date in general and
their relevance to mesothelioma in particular. It is our attempt to
provide both novice and experienced investigators in this field with
novel methodologies used in other types of cancers that might ulti-
mately lead to the early detection and treatment of mesothelioma.

Genomics in Cancer Research

The Human Genome Project analysis has described 30,000 to 50,000
genes after DNA sequencing analyses. In spite of 20% to 30% differ-
ences observed between the predicted transcriptomes by International
Human Genome Sequencing Consortium (HGSC) and Celera
Genomics, these data have provided a tremendous stimulus for sys-
tematic analysis of various types of cancer. High-resolution analysis 
of chromosomal aberrations, genome-wide mutation screens, and ex-
pression profiling have given investigators a comprehensive view of
genetic alterations in many cancers. These high-throughput tech-
nologies are being vigorously pursued to gain a complete list of the 
molecular and genetic causes that drive malignant transformation and
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the possible therapeutic options that may be exploited for clinical
benefit.

Comparative Genomic Hybridization (CGH) Analysis

Comparative genomic hybridization (CGH) analysis is a DNA-based
molecular cytogenetic technique that allows the identification of 
chromosomal imbalances (gains, losses, and amplification of DNA
sequences) in an entire tumor genome in a single experiment. An 
equal proportion of biotin-labeled tumor DNA and digoxigenin-
labeled normal reference DNA is hybridized to normal metaphase
chromosomes. The variance in signal intensities of the two fluo-
rochromes [fluorescein isothiocyanate (FITC) for tumor DNA and the
tetrarhodamine isothiocyanate (TRITC) for the normal DNA] are
detected in a fluorescence microscope, and captured images are then
evaluated with a special image analysis program. The over- and under-
represented DNA segments are quantitated by FITC/TRITC ratios for
every single chromosome. The accumulation of various clonal chro-
mosomal deletions in most malignant mesotheliomas is indicative 
of a multistep progression of tumorigenesis, such as gene point muta-
tions, partial deletion, epigenetic silencing, gene amplification, gene
rearrangements, and/or complete gene loss. All these mechanisms
could be involved in the genesis of a mesothelioma from an occult to
advanced stage. Cytogenetic and loss of heterozygosity (LOH) analy-
ses of malignant mesothelioma have demonstrated frequent deletions
of specific sites within chromosome arms 1p, 3p, 6q, 9p, 13q, 15q, and
22q and trisomies and polysomies of chromosomes 1, 5, 7, 11, 12, and
20. Furthermore, current information has confirmed the involvement
of these five tumor suppressor genes: p16, p15, p53, NF2, and WT1.

Restriction Landmark Genome Scanning (RLGS)

Restriction landmark genome scanning (RLGS) is a highly resolving
gel-based technique in which several thousand fragments in genomic
digests are visualized simultaneously and quantitatively analyzed. The
genomic DNA is radioactively labeled at cleavage sites specific for a
rare cleaving restriction enzyme, Not1, followed by first-dimension
electrophoresis. By subjecting separated DNA fragments to in situ
digestion with a frequent cutter prior to a second-dimension elec-
trophoresis, several thousand fragments from the genome can be
resolved and visualized (1). The digestion of genomic DNA by NotI
prior to labeling generates landmarks that allow visualization of DNA
fragments that occur preferentially in CpG islands (2). Because of the
localization of CpG islands in proximity to transcribed sequences (3),
there is a strong possibility that NotI fragments detected in RLGS scans
occur in the vicinity of coding sequences.

There are many applications of RLGS that stem from its quantita-
tive reproducibility. For instance, RLGS could be useful for studies of
restriction fragment length polymorphisms; for identifying genomic
insertions, deletions, or amplifications; and for identifying somatic
methylation changes (4,5). The widespread use of RLGS has been 
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hampered by difficulty in deriving sequence information for displayed
fragments and a lack of whole-genome sequence-based framework for
interpreting RLGS patterns. Recently, a collaborative effort among
several laboratories has resulted in the development of bioinformatic
tools for comparisons of sample-derived RLGS patterns with patterns
predicted from the human genome sequence and displayed as virtual
genome scans (VGS). The tools developed allow sequence prediction
of fragments in RLGS patterns obtained with different restriction
enzyme combinations. The utility of VGS is demonstrated by the iden-
tification of restriction fragment length polymorphisms, and of ampli-
fications, deletions, and methylation changes in tumor-derived CpG
islands and the characterization of an amplified region in a breast
tumor that spanned <230 kilobase (kb) on 17q23 (6). Recently, using
RLGS in combination with promoter methylation studies, a novel lung
cancer–related gene, bone morphogenetic protein 3B (BMP3B) was
identified on chromosome 10q11 (7).

Only one study utilizing RLGS in mesothelioma has been described:
RLGS analysis using Not1-EcoRV-Hinf1 restriction enzyme digestion
on five malignant pleural mesothelioma was carried out that showed
losses in chromosomal locations 22q13.1, 17q23.2, 4p16.2, 12p13.2 and
1p34.1 (unpublished data).

Serial Analysis of Gene Expression (SAGE)

Serial analysis of gene expression (SAGE) is a comprehensive method
for analysis of gene expression patterns (8). There are three main 
underlying principles that define SAGE methodology: (1) A short
sequence tag [10–14 base pair (bp)] contains sufficient information to
uniquely identify a transcript provided that the tag is obtained from 
a unique position within each transcript. (2) Sequence tags can be
linked together to form long serial molecules that can be cloned and
sequenced. (3) Quantitation of the number of times a particular tag is
observed provides the expression level of the corresponding transcript.
Recent technologic advances have made large-scale gene expression
measurements routine. Serial analysis of gene expression counts
polyadenylated transcripts by sequencing a short 14-bp tag at the
gene’s 3¢ end, adjacent to the last restriction site, normally NlaIII. All
expressed transcripts with a NlaIII site can be “tagged” and counted
efficiently in large numbers (typically <50,000 per RNA sample) by
using automated sequencing. The tag counts are then archived elec-
tronically for future analysis and digital comparisons. To provide quan-
titative expression levels on a genome-wide scale, the Cancer Genome
Anatomy Project (CGAP) uses the SAGE project as one of the largest
suppliers of a public gene expression database (9,10). These data 
are posted at the National Center for Biotechnology Information’s
SAGEmap Web site (http://www.ncbi.nlm.nih.gov/SAGE), where
SAGE tags are assigned to UniGene clusters, differentially expressed
tags can be identified, and the expression level of a particular tag can
be displayed (11,12). SAGEmap has been quite a powerful tool, but
recently an improvised version has been reported, known as SAGE
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Genie (http://cgap.nci.nih.gov/SAGE). It consists of SAGE Anatomic
Viewer, which allows nearly any gene’s transcript levels to be easily
viewed in normal and malignant tissues. The anatomic view is based
on a growing set of over 5.2 million SAGE tags assembled from 114 cell
types, plus new Web tools to view these data. These informatics allow
SAGE Genie to automatically identify SAGE tags from a gene’s
primary or alternatively polyadenylated transcript while screening for
experimental artifacts. A large archive of SAGE data is now more accu-
rately and easily viewed by using SAGE Genie, including a means 
to see anatomically based gene expression (13). To date, SAGE 
analysis has compared the gene epression from a surgically resected
malignant pleural mesothelioma (MPM) to the patient’s autologous
normal mesothelium and the results have been posted on the Web:
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM727).

SELEX-SAGE

To determine the location and relative strength of all transcription-
factor binding sites within a genome is important not only for a 
comprehensive understanding of gene regulation but also for effec-
tive promoter applications. A bioinformatically driven experimental
method has been devised to accurately define the DNA-binding
sequence specificity of transcription factors. Computer simulations
showed that several thousand low- to medium-affinity sequences are
required to generate a profile of desired accuracy. To produce data on
this scale, a method combining systematic evolution of ligands by
exponential enrichment (SELEX) and serial analysis of gene expression
(SAGE) protocols was coupled to an automated quality-controlled
sequence extraction procedure. This allowed the sequencing of a data-
base of more than 10,000 potential DNA ligands for the CTF/NFI 
transcription factor. The database is publicly available at
http://www.isrec.isb-sib.ch/selex_nf1/. The resulting binding-site
model defines the sequence specificity of this protein with a high
degree of accuracy not achieved earlier, and thereby makes it possible
to identify previously unknown regulatory sequences in genomic DNA
(14).

Gene Expression Profile Using DNA Microarrays

Global gene expression profiles for several types of tumors, using DNA
microarrays, have been published recently that delineate distinct pat-
terns of gene expression among subsets of related tumors (15). These
studies have examined pathologically homogeneous as well as hetero-
geneous set of tumors to identify clinically relevant subtypes, high-
stage versus low-stage tumors of the same lineage to identify molecular
correlates, and tumors of different lineages for specific molecular sig-
natures. The landmark study that caught much attention in this area
was the uncovering of novel tumor subtypes of diffuse large B-cell 
lymphoma (16). Two molecularly distinct forms of this tumor were
uncovered that were reflective of different stages of B-cell differentia-
tion. One type expressed genes characteristic of germinal center B cells
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with significantly better overall survival than the second type, which
expressed genes normally induced during in vitro activation of periph-
eral blood B cells. This study marked the beginning of identifying pre-
viously undetected and clinically significant subtypes of lymphoma.
Recently, two groups have been able to show a clear distinction among
acute lymphoblastic leukemia (ALL) subtypes and acute myelogenous
leukemia (AML) and the mixed-lineage leukemia (MLL) (17).

Differential Gene Expression Patterns in Mesotheliomas

The differential display technology works by systematic amplification
of the 3¢ terminal portions of messenger RNAs (mRNAs) by using
anchored primers that bind 5¢ boundary of the poly-A tails by reverse
transcription, followed by polymerase chain reaction (PCR) amplifica-
tion with additional upstream primers of arbitrary sequences and 
resolution of those fragments on a DNA sequencing gel. This method-
ology helps visualize all the expressed genes using side-by-side com-
parisons between or among related cells (18). To better understand
malignant mesothelioma pathobiology, researchers have used the tech-
nique of differential display to compare gene expression patterns in
mesothelioma, normal pleura, and normal lung. The human inhibitor
of apoptosis protein-1 gene (IAP-1/MIHC/cIAP2) was discovered to be
highly expressed in malignant pleural mesothelioma (MPM) tumors
and cell lines (19). The overexpression of IAP-1 mRNA and protein 
was validated by multiple methods, including real-time quantitative
reverse-transcription PCR and Western blot analysis. The main draw-
back of the above technique has been low specificity, which results 
in false positives due to the low annealing temperature of PCR. To 
circumvent these shortcoming, modifications with the longer arbitrary
primer design (25-mer) and lock-docking oligo (dT) primers (29-mer)
for RNA fingerprinting have yielded high-stringency PCR products rel-
ative to differential display. This modified differential display method,
called RNA fingerprinting, has been used to identify mRNAs that were
differentially expressed during human mesothelial cancer progression.
Five different clones were identified using this procedure. Two clones
were expressed in the metastatic mesothelioma cell line M1A and 
the malignant mesothelioma cell line M1, one clone was expressed
uniquely in the metastatic cell line M1A, and one clone was solely
expressed in the normal mesothelial cells. Three clones had no homol-
ogy to known genes, whereas the other two clones had a striking
sequence homology to the M130 antigen and rab 12 mRNA, respec-
tively. These sequence tags may be of interest as a specific mesothe-
lioma tumor marker (20). A mesothelioma cell line with retained ability
to differentiate into either epithelial or fibroblast-like phenotype has been
studied to identify the genes related to tumor cell differentiation using
subtractive hybridization. Nine genes were found to be selectively
overexpressed in the epithelial sub-line, compared to only two genes
in the fibroblast-like phenotype. One of the genes that was differen-
tially expressed by the epithelial cells was thioredoxin, a small redox-
active protein associated with cell growth and differentiation (21).
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Subtractive complementary DNA (cDNA) hybridization has been
shown to identify and isolate cDNAs from differentially expressed
genes. In general, it involves hybridization of two populations of
cDNAs (test and control) and then separation of the unhybridized frac-
tion (target) from hybridized common sequences that would represent
the unique differentially expressed genes among the two populations.
An improvisation of this methodology was achieved by a PCR-based
cDNA subtraction method called suppression subtractive hybridiza-
tion (SSH) (22), which is used to selectively amplify target cDNA
fragments (differentially expressed) and simultaneously suppress 
nontarget DNA amplification by attaching long inverted terminal
repeats to the DNA fragments. The mRNA expression patterns at 
different stages of asbestos-induced carcinogenesis in rats have been
monitored by SSH and array assay. Several genes were found to 
be upregulated in pretumorous tissues from asbestos-treated rats, in
asbestos-induced tumors, and in cells treated with asbestos in vitro.
The upregulation of the proto-oncogenes c-myc, fra-1, and egfr in
fiber-induced carcinogenesis was demonstrated at different stages 
of carcinogenesis. The upregulation of osteopontin, zyxin, and integrin-
linked kinase in this study was indicative of a possible link between
fibers, integrin-linked signal transduction, and extracellular matrix
proteins (23). Recently, these studies were further substantiated by
another group showing induction of CD44 and c-met were linked to 
fra-1 expression using microarrays (24).

One of the first mesothelioma cDNA array experiments was carried
out on four malignant mesothelioma (MM) cell lines and two primary
mesothelial cell cultures established from pleural fluid of noncancer
patients. Human cancer gene filters including 588 genes were used for
the cDNA array experiments. The study revealed 26 overexpressed
genes that play a role in the regulation of cell cycle, cell growth, and
DNA damage repair, and 13 underexpressed genes encoding growth
factors, receptors, and proteins involved in cell adhesion, motility, and
invasion and that are common to three or four MM cell lines. The study
presented gene expression profiles in MM cell lines and showed the
involvement of several genes, such as JAGGED1, ser/thr, protein kinase
NIK, Ku80, and cyclin D2, to be novel in MM (25). Similar conclusions
were drawn using high-density filter arrays of more than 6500 genes
to compare constitutive gene expression of mesothelioma cells to that
of pleural cells. Most of the highly expressed transcripts were common
to both cell lines and included genes associated with stress response
and DNA repair. Interestingly, fewer than 300 genes that differed
between cell lines were involved in macromolecule stability, cell adhe-
sion and recognition, cell migration (invasiveness), and extended cell
division (25–27).

To make a pathologic distinction between MPM and adenocarcinoma
(ADCA) of the lung has been quite challenging given the existing set
of markers for this purpose. Recently, a simple technique, based on 
the expression levels of a small number of genes, was designed to 
accurately distinguish between genetically disparate tissues using gene
expression ratios and rationally chosen thresholds. The study tested the
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fidelity of ratio-based diagnosis in differentiating between MPM and
lung cancer in 181 tissue samples (31 MPM and 150 ADCA). Validation
of this microarray data and ratio-based diagnosis was performed using
calretinin/claudin-7 and VAC-b/TACSTD1 ratios; the two ratios 
correctly identified 23 of 24 samples. Using two and three expression
ratios, it was found that the differential diagnoses of MPM and lung
ADCA were 95% and 99% accurate, respectively (29,30).

Recently, cDNA microarray filters with 4132 clones were used to
identify differential gene expression profile among four control pleural
tissue samples and 16 mesothelioma patient tumor specimens (31). Use
of various normalization and analysis approaches showed significant
induction of 166 genes and downregulation of 26 genes among 
these two groups. Expression profiling showed marked upregulation
of genes involved in glucose metabolism, protein translation, and
cytoskeletal remodeling pathways. Prominent upregulated genes
included gp96, lung resistance-related protein, galectin-3-binding
protein, laminin receptor, and voltage-dependent anion channels.

Pass et al (32) have very recently shown that gene expression pro-
files in malignant pleural mesothelioma can predict time to progres-
sion and survival patterns among two separate series of patients who
underwent cytoreduction at two different centers in the United States.
The study involved gene expression profile analysis on 21 MPM patient
tumor samples that had identical postoperative adjuvant therapy (Fig.
12.1). Analysis of Affymetrix gene chips U95, representing 12,000 gene
probe sets, was performed using dChip, significance of analysis (SAM),
and GeneSight software packages. A neural network was constructed
using a common set of 27 gene classifiers that could segregate patient
populations based on short or long survival after debulking of their
tumors. The 27 gene classifiers were able to predict actual time to pro-
gression and survival with 95.2% accuracy in one test set, whereas 76%
accuracy was achieved in the separate validation set of MPMs. These
data are indicative of pretherapy gene expression analysis that can be
beneficial in predicting clinical outcomes of patients undergoing sur-
gical treatments. Considering all the published literature so far on gene
expression profiling on MPM cases, it is plausible to conceive of having
a precise “genetic signature” among patient populations that can
predict the patient’s stage, histology, response to therapeutic options,
and clinical outcome.

Proteomics in Cancer Research

An important step in the postgenomics era has been decoding the func-
tions of some 30,000 genes that are scattered among 3.2 billion
nucleotides. Research in proteomics involves study of the structure,
function, and expression analysis of all proteins in the normal as well
as pathophysiologic conditions during various stages of development.
Cancer proteomics can be defined as the implementation of proteomic
platforms to identify and quantitate differentially expressed proteins
relative to normal tissue from preneoplasia to neoplasia. Recent
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methodologies in proteomics also can be used to identify early detec-
tion biomarkers for cancer, prognostication, and identification of poten-
tial therapeutic targets. Valuable discoveries of biomarkers have been
possible because of the proteome research efforts that entailed both the
interaction between the functional pathways of a cell and its impact on
environmental milieu. Both posttranscriptional and translational 
modifications are necessary in the proper expression and function of
proteins. Differential splicing can yield several RNA transcripts from
one gene. Furthermore, many posttranslation modifications have been
shown to alter function, stability, protein–protein and DNA–protein
interactions, and targeting (33), all of which ultimately yield a poten-
tially large number of protein products from one gene. Prominent
changes have been observed during the conversion of a healthy 
cell into a neoplastic cell that could result in altered expression, detri-
mental protein modifications, and cell localization, which ultimately
result in aberrant cellular function. Identification and in-depth 
understanding of all these processes are the main thrust in cancer 
proteomics.
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Figure 12.1. Gene expression arrays were performed in 21 patients having surgery for malignant
pleural mesothelioma. Twenty-seven significant genes common to both dChip and SAM analyses from
the original set of 95 genes depicted here were able to define two groups of patients whose time to pro-
gression and survival were significantly different (25).



Technologies Involved in Expression Proteomics

The most widely used techniques for the characterization of proteins
are two-dimensional gel electrophoresis (2DGE), mass spectrometry
(MS), amino acid composition analysis, and peptide sequence tagging.
Some approaches include recombinant proteins obtained using cDNA
expression libraries and phage-display libraries. Some approaches use
high-throughput antibody arrays. Matrix-assisted laser desorption 
ionization (MALDI), surface-enhanced laser desorption ionization
(SELDI), laser capture microdissection (LCM), and capillary elec-
trophoresis (CE) have been added to the proteomics tool set. Other
techniques include isotope-coded affinity tags (ICAT) and 2D differ-
ential fluorescence gel electrophoresis (DIGE) in order to quantify 
relative protein expressions. We summarize these technologies here in
relation to the advances made in various types of cancers that could be
implemented in the field of mesothelioma carcinogenesis.

Two-dimensional gel electrophoresis (2DGE) has been the method of
choice in quantitative proteomics. In brief, protein samples are dena-
tured and separated on the basis of their charge through isoelectric
focusing. Almost complete resolution of both basic and acidic proteins
have been achieved by the introduction of immobilized pH gradients
into this system (34). The proteins are further separated by migration
in a polyacrylamide gel on the basis of their molecular weights. Silver-
staining protocols have enhanced resolution and visualization of 3000
proteins on a single gel. Fluorescent dyes have been developed to make
the protein samples accessible to mass spectrometry (35). Laser densi-
tometers with high resolutions have been used in spot detection of
stained gels that can be further analyzed with software packages such
as PDQUEST (36) and Phoretix (37) for all quantitation purposes. Ratio
analysis is the most common form of detecting quantitative changes
among different protein samples. Two-dimensional gel electrophoresis
is currently being modified to the point where it can be used in high-
throughput platforms (38).

Mass spectrometry (MS)-based methodologies have proved to be a
powerful means for obtaining peptide mass fingerprints for proteins
resolved in 2DGE gels. Protein databases and reference maps have 
been generated to document changes in protein expression resolved by
2DGE from various cell types and different stages of tumor develop-
ment. Specialized software packages available on the World Wide Web
servers such as ExPaSy and the World 2DGE page (39), have been uti-
lized by biomarker research investigators to compare 2D gel patterns
with one another and with reference maps on the Internet. Using this
techonology, the proteome of 150 bladder tumors was observed to
decline in the expression of specific cytokeratins, psoriasin, galectin 7,
and stratifin in tumors with a low degree of differentiation (40). A map
of healthy and renal cell carcinoma (RCC) proteins has been con-
structed through 2DGE analysis of healthy and RCC kidney tissue,
which led to the identification of ubiquinol cytochrome C reductase as
a potential biomarker (41). A comprehensive analysis of the proteome
in lung cancer has already been undertaken (42). In a recent study
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involving a series of 93 lung adenocarcinomas (64 stage I and 29 stage
III) and 10 uninvolved lung samples, nine candidate proteins such as
antioxidant enzyme AOE372, adenosine triphosphate (ATP) synthase
subunit d (ATP5D), b1,4-galactosyltransferase, cytosolic inorganic
pyrophosphatase, glucose-regulated Mr 58,000 protein, glutathione-S-
transferase M4, prolyl 4-hydroxylase b subunit, triosephosphate isom-
erase, and ubiquitin thiolesterase (UCHL1) were identified as being
significantly overexpressed in lung adenocarcinomas. The expression
of these proteins was increased from 1.4- to 10.6-fold as compared with
uninvolved lung tissue (43).

To classify human lung cancer tumors, matrix-assisted laser desorp-
tion/ionization mass spectrometry was recently performed on frozen
tissue sections. Proteomic spectra were aligned from 79 lung tumors
and 14 normal lung tissues, and a class-prediction model was built with
the proteomic patterns in a training cohort of 42 lung tumors and eight
normal lung samples. To assess statistical significance, a blinded test
cohort of 37 lung tumors and six normal lung samples was used. 
A class-prediction model was based on 1600 differentially expressed
peaks that perfectly classified lung cancer histologies, and distin-
guished primary tumors from metastases with 85% accuracy in the
training cohort. This model nearly perfectly classified samples in the
independent blinded test cohort. Furthermore, a proteomic pattern
composed of 15 distinct mass spectrometry peaks could distinguish
between good and poor prognosis among non–small-cell lung cancer
(NSCLC) patients (44). To date, our laboratory is the only one that has
performed 2DGE on four mesothelioma tumors and their respective
cell lines (Fig. 12.2).

Several ionization techniques, such as electrospray ionization and
MALDI, have facilitated the characterization of proteins by MS (45).
For sequence-based determinations by MS, proteins are cleaved with
trypsin or cyanogen bromide into peptide fragments and separated by
high-pressure liquid chromatography (HPLC) followed by tandem MS.
The peptides are then subjected to short pulses of ultraviolet radiation
under reduced pressure. Some of the peptides are ionized and acceler-
ated in an electric field and subsequently turned back through an
energy correction device (46). Peptide mass is derived through a time-
of-flight (TOF) measurement of the elapsed time from acceleration-to-
field free drift or through a quadrupole detector. A peptide mass map
is generated with the sensitivity to detect molecules at a few parts per
million. Hence, a spectrum is generated with the molecular mass of
individual peptides, which are used to search databases to find match-
ing proteins. This approach is termed “peptide sequence tagging.” The
short (2–4 amino acids) sequence can be derived by fragmentation of
the parent ion into three complementary segments: the mass of an 
N-terminal fragment, the mass of a C-terminal fragment, and the
partial amino acid sequence between them.

The alternative process of ionization, through the electrospray 
ionization, involves dispersion of the sample through a capillary elec-
trophoresis (CE TOF MS) (47). The charged peptides pass through a
mass spectrometer under reduced pressure and are separated accord-
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ing to their mass-to-charge ratios through electric fields. After separa-
tion through 2DGE, digested peptide samples can be delivered to the
mass spectrometer through a “nanoelectrospray” or directly from a
liquid chromatography column (liquid chromatography-MS), allowing
for real-time sequencing and identification of proteins. Some modifi-
cations have led to the MALDI quadrupole TOF instrument, which
combines peptide mapping with the peptide sequencing approach
(48,49). Accurate identification of posttranslational modifications, such
as phosphorylation and glycosylation, have been possible by the
assessment of mass shifts. The MALDI-TOF-MS of 2DGE-separated
proteins has been pivotal in the identification of multimeric isoforms
of manganese superoxide dismutase found to be expressed exclusively
in RCCs (47). The MALDI-MS system has also helped to detect
increases in the expression of nuclear matrix, redox, and cytoskeletal
proteins in breast carcinoma compared to benign tumors (36) and iden-
tification of peroxiredoxin II (Prx II) by peptide mass fingerprinting in
MPM (Fig. 12.3).
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Figure 12.2. A: Two-dimensional gel electrophoresis proteomic analysis of
normal human peritoneum. B: Malignant pleural mesothelioma (MPM) tumor.
C: Simian virus 40 large-tumor antigen (SV40 Tag) immortalized human
mesothelial cell line (MeT5A). D: Corresponding MPM patient–derived cell line
using (2DGE). These 2DGE images were analyzed by the Phoretix 2D software
package to identify differentially expressed proteins in mesothelial cells and
mesotheliomas. Three prominent spots (arrows) were chosen for further 
analysis using matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS) and identified as fibrinogen, peroxiredoxin II, and manganese
(Mn) superoxide desmutase (SOD). All three proteins have been implicated in
the pathogenesis of malignant pleural mesothelioma by various laboratories
(75–77).



Amino acid composition analysis is an efficient method for protein
identification (50). The method is complementary to MS and represents
a useful analytical tool for the mapping of proteins of interest.

Direct mapping and imaging of biomolecules present in frozen sec-
tions has been recently achieved by an innovative technology termed
“imaging MS.” For this analysis, frozen tissue sections mounted on a
metal plate, coated with ultraviolet-absorbing matrix are placed in the
MS, and the specimens are processed as described previously for liquid
samples (51). Imaging MS has shown promise in several applications
such as discovery of biomarker tissue localization, molecular interac-
tions of tumor cells, and assessment of surgical complexities of tumors
(52).
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Figure 12.3. Identification of peroxiredoxin II (Prx II) by peptide mass finger-
print. A: One protein spot (marked in Fig. 12.4) was excised from the gel, and
digested with trypsin and analyzed by MALDI-MS. Peptide mass spectrum
was obtained by MALDI–time-of-flight (TOF) mass spectrometry. B: Masses of
five tryptic peptides were matched with Prx II within the 10-ppm range by
database searching. The corresponding mass peaks are marked with asterisks
(A). C: The sequence of Prx II is represented by a single-letter code for amino
acids. Sequence coverage by five peptides is indicated by capital letters.



Most of the problems associated with sample preparations with
MALDI-MS have been overcome with the advent of surface-enhanced
laser desorption-ionization (SELDI) (53). The main principle in SELDI
is surface-enhanced affinity capture through the use of specific probe
surfaces or chips. This protein biochip is the counterpart of the array
technology in the genomic arena that forms the basis for Ciphergen’s
ProteinChip array SELDI MS technology (49). A 2DGE analysis sepa-
ration is not required for SELDI analysis as it can bind protein mole-
cules based on its defined chip surfaces. Chips with broad binding
properties, including immobilized metal affinity capture, and with bio-
chemically characterized surfaces, such as antibodies and receptors,
form the core of SELDI (49). The advantage of this MS technology
involves no preprocessing of the samples before analysis, and that has
expedited both biomarker discovery and protein profiling in small
sample volumes in a short period of time. After being captured on 
the SELDI protein biochip array, proteins are detected through the 
ionization-desorption, TOF-MS process. A retentate (proteins retained
on the chip) map is generated in which the individual proteins are dis-
played as separate peaks on the basis of their mass and charge (m/z).
The SELDI technology has been used to provide protein fingerprints
(54), which may provide insights into changing protein expression
from healthy to benign, and subsequently from premalignant to malig-
nant lesions. Recently, distinct SELDI protein profiles and patterns for
individual cells and cancer type have been evaluated, including
prostate, lung, and ovarian cancer (55). The versatile platform of the
ProteinChip SELDI-MS technology has given a major impetus to the
proteomics field, not only for the discovery and protein profiling appli-
cations, but also as a potential multiplex immunoassay tool. For this
application, antibody rather than a chemical matrix is bound to the chip
array to capture the protein antigen. This format has been successfully
used to develop both single and multiplex versions of the SELDI
immunoassay for detection and measuring prostate-specific antigen
(PSA) and prostate-specific membrane antigen in body fluids (56,57).

Pass et al investigated SELDI-TOF to analyze protein expression pro-
files in pleural effusions from patients with cytologically documented
benign inflammatory fluid collections, non-MM malignant effusions,
and MM effusions. The 58 discovery samples were randomized in a 96-
well format for fractionation, and a validation set of 50 blinded samples
was then randomized and processed in a similar fashion followed by
analysis with classification algorithms defined with data from the 
discovery samples.

Spectra from the discovery sample set were analyzed using the Bio-
marker Wizard in ProteinChip Software version 3.0 to detect peak clus-
ters, which were subjected to univariate statistical analysis using the
Mann-Whitney test of means. All peak clusters were also subjected to
multivariate statistical analysis using Ciphergen’s Biomarker Patterns
Software (BPS, 1) and Salford Systems’ TreeNet. The 58 discovery
samples consisted of 30 patients with MM, 22 noncancer control
patients, and six control patients with non-MM cancers. Data from
these 58 samples were utilized for the discovery of biomarker candi-
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dates and for the determination of classification algorithms to be tested
with data from the validation set of 50 blinded samples.

From the biomarker discovery phase of the project, the six best can-
didates as determined by univariate analysis and BPS were chosen for
purification and identification. They had approximate molecular
masses of 11.6, 10.8, 3.4, 5.0, 6.6, and 4.6kd and were all decreased in
amount for the MM patients relative to the control discovery samples.

Three different predictive algorithms were defined utilizing the
TreeNet software with sets of markers selected from the discovery
samples. With the predictive algorithms, three classification predictions
were established for the 50 validation samples using the different
marker combinations. The unblinding of individual patient diagnosis
enabled calculation of the accuracy of the three predictions and this is
seen in Table 12.1.

Isotope-coded affinity tags (ICAT) has been the latest addition to the
arsenal of new technologies developed in the field of proteomics (60).
This technique utilizes a thiol-specific reactive group (iodoacetamide)
to react with free cysteine residues in the denatured protein samples
via two ICAT reagents, such as d8-ICAT (X = deuterium) heavy; and 
d0-ICAT (X = hydrogen) light reagents. A nonreactive linker incorpo-
rates heavy or light ICAT reagent with the biotin affinity tag group in
that sample. The control and experimental samples are combined, pro-
teolyzed, fractionated, and avidin affinity enriched before LC/MS is
performed to quantify ratios of all peptides having a mass difference
of 8 atomic mass unit (amu). The most impressive usage of ICAT tech-
nology has resulted in quantifying the relative level of expression of
524 proteins that could be potential serum markers of neoplastic
prostate disease (61). Recent progress with ICAT technology has incor-
porated 13C rather than 8 deuteriums into the heavy reagent. An alter-
native approach to quantitative protein profiling has been developed
by using Cy-3 and Cy-5 in vitro labeling of control and experimental
proteins, which has increased the magnitude of the linear response
range significantly, compared to existing staining protocols. This dif-
ferential 2D DIGE has been used in the proteomic expression analysis
of esophageal and breast cancer cell systems (62,63).

Protein and Antibody Microarrays

Biochip-based microarrays containing spotted antigens or antibodies
have been developed to study protein–protein interactions, biomarkers,
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Table 12.1. Results for predictive algorithms for malignant mesothe-
lioma (MM) vs. control pleural effusions

Three nonneutrophil peaks Six peaks All peaks

Sensitivity (%) 82 88 100
Specificity (%) 91 88 88
Positive predictive 92 88 89

value (%)
Negative predictive 81 88 100

value (%)



and humoral response to cancer (64,65). Arrays of clones from phage-
display libraries have been probed with antigen-coated filters for high-
throughput antibody screening (66). Protein microarrays have been
prepared by printing the proteins on coated microscope slides using
purified proteins, recombinant proteins, and crude mixtures or antibod-
ies with a robotic arrayer. Protein solutions to be measured are labeled
by covalent linkage of a fluorescent dye to the amino groups on the pro-
teins (67). Protein arrays have been used to identify and track cancer pro-
gression by immobilization of proteins from pure populations of
microdissected cells from various tissues (68). Synthesis of protein and
antibody arrays has proven to be more costly and labor-intensive com-
pared to DNA arrays. It is expected, however, that the availability of
large antibody arrays will enhance the discovery of differential bio-
markers in normal and diseased tissue. For excellent reviews on current
and innovative technologies used in protein-antibody array applica-
tions for medical research, see Cahill (69) and others (64,65).

Tissue Microarrays

Tissue microarrays have become an integral part of high-throughput
molecular profiling of tumor specimens, and are used for rapid vali-
dation of genomic and proteomic arrays (70). Arrays are generated by
robotic punching out of small cylinders (0.6mm ¥ 3–4mm high) of
tissue from thousands of individual tumor specimens embedded in
paraffin and then arrayed in a large paraffin block. Tissue from as many
as 600 specimens can be represented in a single “master” paraffin block.
Subsequent serial sections of the same tissue array helps analysis of
multiple tumor samples in parallel by immunohistochemistry, fluores-
cence in situ hybridization, and RNA–RNA in situ hybridization.
Tissue arrays have thus expedited the simultaneous analysis of tumors
from many different patients at different stages of disease. Disadvan-
tages of this technique are that a single core is not representative
because of tumor heterogeneity and uncertainty of antigen stability on
long-term storage of the array. Large-scale validation efforts are cur-
rently ongoing in breast and prostate cancers that are expected to
strengthen protein expression profiling (71,72). The biggest advantage
of this technology has been the rapid turnaround time to assess expres-
sion profiles and patterns with clinical outcomes from large cohorts.
Our laboratory has produced mesothelioma tumor arrays consisting of
60 MPM tumors per slide that are being used on a routine basis to 
validate other ongoing genomic and proteomic initiatives (Fig. 12.4).

Computational Methods and Bioinformatics

Computation and bioinformatic tools have become an essential com-
ponent of biologic research. The amount and diversity of the data being
generated by different technologies are challenging, and the data are
impossible to organize or analyze without computational assistance. In
functional genomics, a great deal of effort has been devoted in gen-
erating gene expression profiles using either Web-based (dchip) or
commercially available (GeneSight; Gene Spring) software packages.
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The same holds true for proteomics to validate across the different 
technologies. The main databases serving as the targets for MS data
searches are the expressed sequence tag and the protein sequence 
databases, which contain protein sequence information translated 
from DNA sequence data (46). The 2DGE-related protein databases are
helping map proteins from specific cells and from different stages of
tumor development (73). Many of these are public domain, available
through the World Wide Web on servers such as ExPaSy and the World
2DGE page (39). Annotated protein databases, such as SWISS-PROT
and TrEMBL, are fast becoming critical proteome resources (74). Such
tools facilitate the analysis of posttranslational modifications and three-
dimensional structure and physicochemical properties of identified
proteins (33). These databases are becoming invaluable resources of
protein maps from such tissues as breast and bladder transitional cell
and squamous cell carcinomas (33).

Future of Genomics and Proteomics in Mesothelioma

The global analysis of gene expression patterns in mesothelioma is
likely to contribute to early detection, better prognostication, and accel-
eration in the discovery of novel therapeutic options. Moreover, the
handling and analysis of the types of data to be collected in proteomic
investigations of mesothelioma represents an emerging field. New
techniques and new collaborations among surgeons, oncologists, basic
research and computer scientists, and biostatisticians are warranted.
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Figure 12.4. Analysis of intelectin protein expression in MPM tissue microar-
ray containing 53 samples. The localization of the primary antibody using color
development by an avidin-biotin detection kit illustrates the structural pattern
of the array with cylindrical tissue samples.



There is a need to develop and integrate database repositories from
various sources, and to develop efficient and valid methods of data
analysis. Proteomics will complement genomic-based approaches in
the study of mesothelioma. As new protein biomarkers will be discov-
ered through proteomic approaches, exciting information is expected
to emerge from various collaborative efforts that can ultimately pave
the way for the early detection, diagnosis, and possible treatment of
this insidious disease.
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13
Asbestos Mineralogy and 

Health Effects
Meral Dogan and A. Umran Dogan

Fibers and fibrous minerals, for example, the asbestos minerals, erion-
ite (one of the many natural and synthetic zeolite species) (1), fiber-
glass, or other silica forms (diatoms) have been shown to be extremely
hazardous. Their airborne character is paramount, and the specific
gravity of the species, the size, and an appropriate morphology that
permits suspension are of primary consideration. Asbestos as a ubiq-
uitous natural resource refers to several types of fibrous minerals
formed by earth processes and made up of microscopic bundles of
fibers. The dangers associated with inhalation of asbestos fibers have
been known for more than 30 years. Asbestos is known as a group A
human carcinogen. The potential hazards of exposure to asbestos mate-
rials are of concern worldwide. There are several modes of exposure 
to airborne fibers including occupational exposure and the erosion of
natural deposits in asbestos-bearing rocks. Asbestos may also be dis-
persed in water from a number of sources, including erosion of natural
deposits, corrosion, and disintegration of asbestos materials.

Governments and industries have introduced regulatory measures
requiring safety controls throughout the product life cycle to limit
asbestos exposure to the general public and workers. Although
asbestos materials have been well documented as to their physical and
chemical characteristics, they remain under investigation both by min-
eralogists studying geologic aspects and by pathologists/epidemiolo-
gists studying medical aspects. The term asbestos may be well known,
but the precise definition, safe level of exposure, duration of exposure,
and asbestos types of these fibrous materials still raise questions and
often lead to differences of opinions and arguments as well as legal 
disputes (2).

Mineralogy of Asbestos Group Minerals

The six different types of asbestos fibers are divided into two mineral
groups based upon the crystalline structures: serpentine and amphi-
bole asbestos. Asbestiform minerals are not always found with a

209



fibrous habit. Tremolite, for example, occurs naturally in three distinct
morphologic forms or mineral habits. It may occur as asbestos, splin-
tery fibers, or in massive crystalline deposits. Any mechanical manip-
ulation of asbestos rocks rapidly produces many long, thin fibers/
fibrils, since for the most part, asbestos fibrils are easily separable
because of translocation along a twin plane, which produces a much-
reduced cohesion. A lot of data have been accumulated that suggest
that amphibole asbestos and its nonasbestos analogues possess very
different biologic potential. Davis et al (3) demonstrated that although
asbestiform tremolite was extremely carcinogenic when injected into
the peritoneal cavities of rats, nonasbestiform tremolite samples had
little or no carcinogenic potential. These observations suggest that the
tremolite contamination of any material may present a concern only if
thin asbestiform fibers are present.

Serpentine Group Asbestos Minerals

Serpentine group asbestos mineral is chrysotile. Chrysotile fibers are
found as veins in serpentines, in serpentinized ultramafic rocks, and 
in serpentinized dolomitic rocks. Chrysotile is one of the three poly-
morphs of serpentine group minerals that have sheet or layer structure.
It is a hydrated magnesium silicate and its stoichiometric chemical
composition may be given as Mg3Si2O5 (OH)4. Most of the industrial
chrysotile fibers are extracted from deposits where fiber length can
reach several centimeters. Fiber growth may occur in massive serpen-
tinite at a right angle to the walls of cracks, which are referred to as
cross-vein chrysotile or cross-fibers, or inclined or parallel to the vein
axes called slip fibers, or as dispersed aggregates of short fibers with
no preferential orientation, which are called mass-fiber deposits.

Among three principal serpentine minerals, the distinction between
asbestos and nonasbestiform varieties is that the nonasbestiform anti-
gorite and lizardite are arranged to form a sheet structure, and the crys-
tals are platy, that is, they have one short dimension and two longer
dimensions, like a saucer. The crystal structure of chrysotile, always 
in fibrous form, is discretely distinct from that of the amphiboles.
Chrysotile has an octahedral brucite layer (Mg6O4(OH)8)-4 intercalated
between each silicate tetrahedral sheet. In the asbestiform variety of
serpentine, chrysotile sheets (Si4O10)-4 are rolled up tightly to form
fibers.

The serpentine’s theoretical formula is

(Mg3-x-y Rx
2+ Ry

3+) (Si2-y Ry
3+) O5 (OH)4

where R2+ is Fe2+, Mn2+, or Ni2+; and R3+ is Al3+ or Fe3+.
In the octahedral brucite layer, magnesium can be substituted by

several divalent ions, such as Fe2+, Mn2+, or Ni2+. In the tetrahedral layer,
silicon may be replaced by Al3+ or Fe3+. The other two polymorphs are
known as antigorite and lizardite. Their composition is Mg3Si2O5 (OH)4.
The essential difference of the three minerals is 1 : 1 layers in the struc-
ture. The silicate and brucite layers share oxygen atoms. The distance
is 0.305nm in the silicate layer and 0.342nm in the brucite layer (4).
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This mismatch of O—O distances induces curvature and 1 :1 layers are
concentrically coiled, producing hollow tubes parallel to the a-axis in
chrysotile. The concentric sheets forming fibers have a curvature radius
from 2.5 to 3.0nm for the internal layers up to approximately 25nm for
the external layers (5). Electron microscopy studies indicate that the
unit fiber (fibril) cross section appears in a concentric or spiral arrange-
ment. In the lizardite, these layers are planar, which is characteristic of
sheet silicates. Antigorite structure is corrugated.

Stacking of the tetrahedral and octahedral sheets in the chrysotile
structure has been shown to yield three types of chrysotile fibers:

1. Clino-chrysotile: Monoclinic stacking, x-axis is parallel to the fiber
axis

2. Ortho-chrysotile: Orthorhombic stacking, x-axis is parallel to the
fiber axis

3. Para-chrysotile: 180-degree rotation of two-layer structure, y-axis is
parallel to the fiber axis

Amphibole Group Asbestos Minerals

The chemical composition of amphibole group asbestos minerals can
vary widely and reflects the complexity of the environment in which
they formed. The commercially used asbestiform amphiboles are actin-
olite, tremolite, anthophyllite, amosite, and crocidolite. They are all
hydrated silicates, which have double tetrahedral chains with Si8O22

composition that extend along the c-axis. Amphiboles are distin-
guished from one another by the number of the cations Ca, Fe, Mg, and
Na that they contain.

The amphibole group has the general chemical formula of

A0-1B2C5T8O22(OH, F, CI, O)2

where A represents zero to one Na+ or K+ in the A site, two ions of Mg2+,
Fe2+, Mn2+, Ca2+, Na+, or Li+ enter the M4 sites, five ions of Mg2+, Fe2+,
Mn2+, Al3+, Fe3+, Cr3+, or Ti4+ enter M1, M2, and M3 sites, and eight ions
of Si4+ or Al3+ enter the T site. The remaining entry in the formula (OH,
F, Cl, O) indicates anions that occupy another site. Complete ionic sub-
stitution may take place between Fe3+ and Al, and between Ti and other
c-type cations, and there is partial substitution of Al for Si in the tetra-
hedral chains. Thus, from their respective composition, amphibole
fibers can be viewed as a series of minerals. For example, the magne-
sium in tremolite is partly replaced by divalent iron in the c-position
to yield actinolite.

The theoretical formulas for the amphibole group of asbestos min-
erals are as follows:

Actinolite: Ca2 (Mg, Fe2+)5 Si8 O22 (OH)2

Tremolite: Ca2 Mg5 Si8 O22 (OH)2

Anthophyllite: Mg7 Si8 O22 (OH)2

Amosite: (Fe2+)2 (Fe2+Fe3+, Mg)5 Si8 O22 (OH)2

(Cummingtonite-Grunerite series)
Crocidolite: Na2 (Fe2+, Mg)3 Fe3+

2 Si8 O22 (OH)2 (Riebeckite)
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The term amosite is applied to brown industrial asbestos; it is an
acronym for “asbestos minerals of South Africa” with the addition of
the usual “-ite” suffix to designate a mineral. The term crocidolite is
applied to blue amphibole asbestos. Asbestiform varieties of several
other amphiboles have been identified. Other minerals are similar to
asbestos in their particle shape, but they do not possess the character-
istics of asbestos.

The amphibole group of silicates is composed of very common min-
erals in igneous and metamorphic rocks. The minerals show long pris-
matic or needle-like (acicular) crystal habits or morphologies. Because
of their peculiar structure, the amphiboles have a distinctive cleavage
that results in acicular or needle-like morphology when the minerals
are crushed. A tiny oblong form often appears naturally in sedimen-
tary deposits if the primary rocks are eroded, or when mined and
milled as part of the extraction of other minerals. However, only when
amphiboles form fibers or adopt an asbestiform habit should they be
classified as asbestos (6).

Unlike chrysotile fiber, the atomic structure of amphibole does not
inherently lead to fiber formation; instead it results from multiple
nucleation and specific growth conditions. Asbestiform and nonas-
bestiform amphiboles are similar in their crystalline structure, but dif-
ferent in the macroscopic scale. The asbestiform amphiboles tend to
have a larger number of crystal defects such as twinning, Wadsley
defects, and chain width disorder than nonasbestiform varieties.

Identification of Asbestos

Over the years much data have been accumulated about asbestos,
which suggests that amphibole asbestos and its nonasbestos analogues
possess very different biologic potential. Davis et al (3) demonstrated
that although asbestiform tremolite was extremely carcinogenic when
injected into peritoneal cavities of rats, nonasbestiform tremolite sam-
ples had little or no carcinogenic potential. Therefore, it is important 
to distinguish between asbestiform and nonasbestiform amphiboles
and types of fibers in bulk, air, and tissue samples. There are some
problems related to the mineralogic techniques necessary to prepare
and characterize samples. The designation of the shape and size of
fibrous materials can be relatively easily revealed by optical examina-
tion. Optics became the technique of choice to investigate the occur-
rence of inorganic fibrous airborne particulates at occupational sites, in
schools, or any buildings, and even outdoors where filters could be set
up to obtain a representative aliquot of the air. However, the light
(optical) microscope does not have enough spatial resolution and so is
not sufficient on its own for positive identification of minerals. It is dif-
ficult to identify some fibers such as chrysotile in the tissue samples
under the optical microscope because of the small fiber sizes.

Since the small fiber size of chrysotile in the tissue samples preclude
the use of optical microscopes, morphologic, chemical, and structural
identifications are done by combinations of methods in order to make
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unambiguous mineral identifications. The crystal chemical range of
potentially hazardous inorganic and mineral species should be accu-
rately identified. Morphologic identifications can be performed by
using transmission electron microscopy (TEM) and scanning electron
microscopy (SEM). Chemical information is most commonly obtained
by energy dispersive spectroscopy (EDS) or wavelength dispersive
spectroscopy (WDS), which is an integral part of SEM or TEM. A rela-
tive error percentage for EDS is about 10% and for WDS is about 1%.
Therefore, EDS provides only semiquantitative information, but WDS
provides more quantitative information on chemical composition of the
sample. Crystal structures can be determined by electron diffraction
(ED) on samples. Powder x-ray diffraction (XRD) is a powerful tech-
nique providing that enough material is available, but not for a mineral
present at low percentage in tissue and air samples. Certain regulations
may require specific species of amphiboles; thus, quantitative chemi-
cal data may be necessary. For example, substitution solid solution
series of amphiboles, such as a tremolite and an actinolite, must be
identified. The SEM studies combined with EDS may not be conclusive
because of the lack of information on the mineral structure.

It is also very difficult to observe chrysotile through the electron
microscope because of its beam sensitivity. Analysts tend to measure
fibers that are more stable under beam conditions. Lung burden studies
indicate that chrysotile is often inhaled as a shorter fiber than amphi-
boles. Therefore, in a tissue with both amphibole and chrysotile, it is
possible to make a misjudgment unless the fibers are identified 
individually.

The levels of sensitivity using the high-resolution techniques now
available mandate that we follow up the reactions delineated as inter-
ference of inorganic materials in the biologic environment. The infor-
mation on the inorganic fibrous particulates can be matched with the
equally high-resolution techniques applied to analyses of tissues, with
data gathered at the cellular and molecular levels. The advances in
techniques increase the possibilities that we can test hypotheses and, it
is hoped, gain greater understanding from the anatomic to the genetic
of the reactions that lead to induction of disease. Coordinating ultra-
microscopic levels with the health and mineralogic investigations for a
particular geographic area should enable us to refine the possibilities.
The exchange of information among the several disciplines is needed
to advance our knowledge.

Asbestos Materials and Their Properties

An environment-friendly product is defined as one that is made from
simple starting materials, produced by low-energy–consuming tech-
nology, has a long useful service life and presents a low risk during its
manufacture, transportation, storage, use, and disposal. Asbestos fits
the definition with the exception of risk factors. The asbestos bundles
have splaying ends and are extremely flexible and can be woven. It pos-
sesses high tensile strength, resistance to chemical and thermal degra-
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dation, and high electrical resistance. Fibers are not volatile or soluble.
Asbestos has been mined for its useful properties for years.

Asbestos is commonly used in heat, thermal, and acoustic insulation;
fire proofing; and in other building materials, including floor and
ceiling tiles, wallboards, siding, pipes, adhesives, roofing shingles and
felt, base flashing, fire doors, electrical panel partitions, electrical cloth,
textured paintings/coatings, taping compounds, table tops, laboratory
hoods, laboratory gloves, fire blankets and curtains, joint compounds,
spackling compounds, packing materials, thermal paper products,
chalkboards, elevator brake shoes, HVAC duct insulation, boiler insu-
lation, breaching insulation, electric wiring insulation, ductwork flexi-
ble fabric connections, cooling towers, pipe insulation, heating and
electrical ducts, vinyl wall coverings, and high-temperature gaskets.

Today, only the chrysotile type of asbestos is used. The industry now
markets dense and nonfriable materials including chrysotile-cement
building materials, friction materials, gaskets, and certain plastics.
Chrysotile and its nonfriable products, such as chrysotile cement, are
claimed to be used in complete safety if properly controlled through-
out the product life cycle. However, there is debate about the hazards
of chrysotile.

Alternative Products

There are alternative products on the market. The manufacturing cost
is 20% to 30% higher, and many of the products have been demon-
strated to be less resistant to heat, humidity, and temperature contrasts
(freeze-thaw), and they are not as durable as chrysotile-reinforced
products. These fibers, including cellulose, are quite biopersistent, and
thus require care during manufacture, handling, and use. In addition,
many of these asbestos-free materials have poor technical performance
or durability.

Replacement products contain natural or synthetic fibers that can 
be hazardous as well. However, unlike chrysotile, few countries have
introduced appropriate regulations for these substitute materials. Thus,
scientists have begun to raise concerns over the health effects of some
of the fibers used to replace chrysotile.

Asbestos Exposures

Occupations involving a risk of exposure to asbestos include mining
and milling of minerals containing asbestos; manufacturing, stripping,
repair, or maintenance of materials or products containing asbestos;
demolition or repair of plants or structures containing asbestos; trans-
portation, storage, and handling of asbestos or materials containing
asbestos; and other occupations involving a risk of exposure to airborne
asbestos fibers.

Removal of asbestos insulation should be considered a last resort and
it should be undertaken only when the materials are beyond repair or
at the time of major renovation work or building demolition. Asbestos
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removal is a very costly operation, which must be conducted by highly
specialized contractors. Hasty elimination of asbestos insulation con-
siderably increases the probability that controls will not be adequately
enforced, thus presenting a source of risk not only for the workers, but
for building occupants as well.

Chrysotile, the most common serpentine fiber, is known to be con-
siderably less hazardous than the amphibole varieties. It has curly
fibers that are unlikely to remain suspended in the air, and it does not
stay in the lungs very long. Thus, in general, chrysotile is a less dusty
material and is more easily eliminated from the human body than
amphiboles. The controlled use of chrysotile allows its continued use
in high-density products, provided permissible exposure limits of 
1.0F/cc or below (F is the degree of fineness of abrasive particles) are
recommend by a group of experts from the World Health Organization
(WHO). However, increasing evidence about the hazards of occupa-
tional and environmental exposure to chrysotile was presented at a 3-
day conference on Parliament Hill, Ottawa, on September 12, 2003. The
chrysotile producers of Zimbabwe, Canada, Brazil, and Swaziland,
which together account for 75% of world exports of chrysotile fibers,
have signed a Memorandum of Understanding (MOU), the objective
of which is to supply chrysotile fibers only to those companies that
demonstrate compliance with international rules and standards.

We can now ask more precise questions based on data accumulated
over the many years of scientific research. Potentially hazardous inor-
ganic and mineral species have been accurately identified (7). The
health responses are well documented (8). The crossover of informa-
tion among the several disciplines will be needed to advance our
knowledge.

Occupational and Environmental Health Hazards
Related to Asbestos Exposure

Three different types of diseases that are associated with the inhalation
of the various types of asbestos fibers have been identified: asbestosis
(form of fibrosis), lung cancer, and mesothelioma of the pleura (lining
of the lung and chest cavity) or peritoneum (lining of the abdomen).
Asbestosis is characterized by shortness of breath and cough. It may
lead to severe impairment of respiratory function and ultimately death
because presently there is no cure for the disease.

Cancers of the larynx, pancreas, esophagus, colon, and kidney have
also been linked to asbestos exposure, but the increased risk is not as
great as with the respiratory system. It is possible to test for the pres-
ence of fibers in urine, feces, or mucus.

At least from the diagnostic perspective, asbestos has another
effect—it can cause pleural lesions, visible some decades after expo-
sure. Calcified pleural plaques (CPPs) and pleural thickening (PT) 
are the lesions. Epidemiologic studies indicate that high frequency 
of malignant pleural mesothelioma (MPM), CPP, and PT constitute
important pulmonary health problems in some countries, including
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Italy (i.e., Corsica) (9,10), Greece (11), Turkey (12–15), Cyprus (16), and
the United Kingdom (17). It has been predicted that within a few years
in the United Kingdom, for example, mesothelioma will be the cause
of death in 1 in 150 males born between 1945 and 1950 (17). Dogan
(18,19) suggested that although MPM cases were not observed where
low doses (0.054–0.1 fiber/mL in the air samples) of long, but thick,
splintery fibers, and short and thin mixed asbestos fiber exposures 
are present, there is a high incidence of CPP and PT in Central 
Anatolia in Turkey.

Asbestos and Mesothelioma

A layer of specialized cells called mesothelial cells lines the chest and
abdominal cavities, and the cavity around the heart. These cells also
cover the outer surface of most internal organs. The tissue formed by
these cells is called the mesothelium. The mesothelium helps protect
the organs by producing special lubricating fluid that makes the organs
move around. Tumors of the mesothelium can be benign (noncancer-
ous) or malignant (cancerous). Malignant mesothelioma is a cancerous
tumor of the pleura or peritoneum. About three fourths of malignant
mesothelioma occurrences start in the chest cavity and are known as
pleural mesothelioma. Another 10% to 20% begin in the abdomen and
are called peritoneal mesothelioma. The mesothelium of the pericardial
cavity is called the pericardium. Cancer cells can invade and damage
nearby tissues and organs. They can also metastasize from their origi-
nal site to other parts of the body. The covering layer of the testicles is
actually an outpouching of peritoneum into the scrotum. It is subject
to a rare form of cancer. The risk of developing a mesothelioma is
related to how much asbestos a person was exposed to and how long
this exposure lasted. People exposed at an early age, for a long period
of time, and at higher levels are most likely to develop this cancer.
Although the risk of developing mesothelioma rises with the amount
of asbestos exposure, it is clear that genetic factors also play a role 
in determining who develops the disease (20,21). This explains why 
not all persons exposed to high levels of asbestos dust develop
mesothelioma.

Despite standard “dust” levels that have been in existence since the
1970s, in some countries the number of cases of lung cancer and
mesothelioma grows and the controversy still persists.

The discovery that exposure to asbestos is linked to mesothelioma
was first made in 1960 (22) and again in 1965 (23); these studies docu-
mented the high incidence of the disease among people working at or
living near crocidolite asbestos mines, as well as in household members
of workers at these mines. From the 1940s through the 1970s, crocido-
lite and another amphibole, amosite, were used extensively, either
alone or in conjunction with chrysotile, in friable insulation applica-
tions in the shipbuilding and construction industries, primarily in
North America and Europe. These sprayed-on applications have been
discontinued since the 1970s. To a lesser extent, amphiboles were also
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used in the manufacture of asbestos-cement pipe. The amphibole
hypothesis, officially introduced in 1990 (24), states that chrysotile
asbestos is not a potent cause of malignant mesothelioma, supporting
the findings of Doll and Peto (25) and the U.S. Environmental Protec-
tion Agency (26). The amphibole hypothesis has raised many crucial
issues and served to focus research on still partially unanswered ques-
tions of why different exposed populations have experienced such dif-
ferent rates of major asbestos diseases. McDonald et al (27), Stayner et
al (28), and Cullen (29) also suggested that chrysotile may be less potent
than some amphibole asbestos minerals in causing mesothelioma.
Some publications, however, suggested that chrysotile asbestos is the
main cause of pleural mesothelioma in humans (30–33).

Whether chrysotile fibers on their own can ever cause mesotheliomas
is still debated. Other evidence of the connection between chrysotile
exposure and mesothelioma has been provided by the cohort study of
Quebec chrysotile miners (27), as reported at the September 12, 2003,
Conference of Canadian Asbestos.

Epidemiologic studies have shown an excess of developing mesothe-
lioma among residents in Biancavilla, Sicily, Italy, and a new asbestos
amphibole, fluoro-edenite, appears responsible for the high incidence
of malignant pleural mesothelioma (34).

Mesothelioma is more common in people who have had serious lung
diseases such as tuberculosis. The median survival varies from 4 to 18
months in different studies. However, the prognosis depends on the
stage of the tumor.

Mesothelioma does not generally cause symptoms in the early
stages. Symptoms of mesothelioma in the lining of the lung can include
shortness of breath, pain in the lower back or the side of the chest, per-
sistent cough and hoarseness, difficulty in swallowing, unexplained
weight loss, and sweating. Symptoms of mesothelioma in the abdom-
inal lining may include abdominal pain, swelling of the abdomen,
nausea and vomiting, loss of appetite, unexplained weight loss, and
change in bowel habits. These signs and symptoms usually indicate
problems other than cancer. However, people who have been exposed
to asbestos who notice any symptoms should see their doctor.

Differentiation of the tumor from other conditions of the pleura 
and other types of cancer can be difficult. Since mesothelioma can 
affect the lungs and abdomen, doctors may also carry out some of the
tests commonly used to detect lung or stomach cancer, such as chest 
x-ray, to show tumor and possibly pleural effusion, thoracic com-
puted tomography (CT), cytology from pleural fluid, and open lung 
biopsy.

Patients with mesothelioma usually had a rapid demise (within a
year in many cases), in spite of the fact that the exposure to asbestos
may have been relatively mild and taken place over 30 years (25).
Malignant mesothelioma affects men more frequently than women
(35). Sustained exposure to asbestos or erionite is the main risk factor.
It can take 15 to 40 years following these fiber exposure for mesothe-
lioma to develop. However, smoking dramatically increases the risk
among the toxic fiber exposed. Mesothelioma may also develop follow-
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ing exposure to radiation from a substance called thorium dioxide,
which was used to create x-rays of blood vessels until 1955. Other sus-
pected causes include biogenic silica fibers, chronic irritation stemming
from tuberculosis and other factors.

Simian virus 40 (SV40) has been detected in human tumors in over
40 laboratories, and many of these reports linked SV40 to mesothe-
liomas. The presence of SV40 in mesothelioma and other human tumor
types has been reported by negative findings (36). However, three 
independent panels established a positive link between SV40 in human
mesothelioma and brain tumors (37,38).

Mechanisms of the Potentially Hazardous Minerals

It is generally accepted that to be pathogenic to the lung or pleura,
fibers must be long, thin, and durable. Researchers still debate the safe
level of exposure, but it is known that the greater and the longer the
exposure, the greater the risk of contracting an asbestos-related disease.
Investigators suggested mechanisms of disease induction that went
beyond physical trauma. Fiber chemistry may also be significant. The
body has multifunctional chemical cascades that are only partially
understood. Some investigators suggested that health causation mech-
anisms could be small differences in the morphology of the particulates
or in the chemical character of the particulates, and particularly the sur-
faces of the asbestos materials. One of the hypotheses came with the
investigations on crocidolite, and in the series of tremolite-actinolite-
ferroactinolite (39). The presence of Fe, both Fe2+ and Fe3+, states in the
amphibole could initiate a cascade of cell responses leading to an acti-
vated oxygen ligand thought to be a carcinogenic agent. For example,
asbestiform species within the tremolite-ferroactinolite series is present
at Libby, Montana, where the mining of vermiculate has an accompa-
nying fibrous Fe-containing amphibole species in the gangue. Libby’s
population has a high incidence of mesothelioma.

Some individuals appear to be more susceptible while others
develop cancer after only limited exposure. There is evidence of a
genetic disposition among the affected population (20,40).

Research into the potential causative effects of these diseases, includ-
ing exposure to fiberglass, suggests that the inorganic materials were
foreign bodies in the biologic environment. The longer a foreign sub-
stance persists in the body, the more likely it is to cause cellular damage
and lead to accelerated cell reproduction and chromosomal damage,
which are associated with tumor growth. Many studies using
intrapleural or intraperitoneal injection have demonstrated that long
and thin fibers were the most effective in producing mesotheliomas,
once they were within the body cavities (41–44). Fibers longer than 
20mm are more potent than fibers shorter than 10mm with respect to
the induction of pulmonary tumors and fibrosis by inhalation (45,46).
Dodson et al (47) confirmed that the most dangerous fibers were more
than 8mm in length and less than 0.25mm in diameter. However, both
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the chrysotile and amphibole fibers in the pleura/plaques of all of these
studies have been reported as consistently shorter than those in the
parenchyma itself. Repeated episodes of cell tissue injury followed by
proliferation and genetic damage may give rise to a tumor that prolif-
erates autonomously (48).

The identification of a particular hazardous species from areas where
disease, such as mesothelioma, is endemic showed that minerals other
than those originally designated could be present (49,50). Both amphi-
bole- and chrysotile-type mineral fibers in lung tissue from several
mesothelioma cases and some controls were studied by Jones et al (51),
McDonald et al (52), Mowe et al (53), Gaudichet et al (54), McDonald
et al (55), Rogers et al (56), and Rodelsperger et al (57).

It has been accepted that amphiboles are more toxic than chrysotiles.
The greater toxicity of amphiboles is linked to durability in the lung.
Chrysotile fibers dissolve relatively quickly, but amphiboles persist at
sites of tumor development and serve as the stimulus for euplastic
(new tissue) growth (58,59). The kinetics for amphiboles and chrysotile
fibers are different in human lung tissue (60–62). Amphibole fiber con-
centrations increase with the duration of exposure, whereas chrysotile
concentrations do not. In addition to the biopersistence of amphiboles,
the Fe content of particles appears to trigger an oxidative stress
process—the generation of active oxygen species (AOS), which some
researchers believe can cause membrane damage, induce the release of
inflammatory compounds, which can lead to fibrosis and lung cancer,
and even cause DNA strand breaks. Fe-containing particles can
produce AOS by an oxidation mechanism.

Wagner et al (63) and Davis et al (64) also have amplified the impor-
tance of the numbers of very fine fibers for determination of chrysotile
pathogenesis. Brooke Mossman, of the University of Vermont College
of Medicine, suggests that the lower amounts and bioavailability of Fe
in chrysotile fibers may render them less biologically active over time.
It may be that asbestos causes cancer by physically irritating cells rather
than by chemical effects. Other studies have confirmed the importance
of fiber length and geometry in the generation of AOS by alveolar
macrophages. Longer fibers and particles are generally relatively inac-
tive (65). When fibers are inhaled, most are cleared from the nose,
throat, trachea, or bronchi. Fibers are cleared by sticking to mucus
inside air passages and being coughed up or swallowed. The long, thin
fibers are less readily cleared, and they may reach the ends of the small
airways and penetrate into the pleural lining of the lung and chest wall.
These fibers may then directly injure mesothelial cells of the pleura,
and eventually cause mesothelioma.

Prognostic factors in oncology assist in the selection of patients who
are more likely to benefit from clinical treatment. These factors in
mesothelioma were studied in the past two decades by Chahinian et al
(66), Samson et al (67), Antman et al (68), Calavrezos et al (69), Spirtas
et al (70), Tammilehto (71), Boutin et al (72), De Paugher Manzini et al
(73), Ruffie et al (74), Currau et al (75), Herndon et al (76), and Edwards
et al (77). It is hoped that these studies will provide insight into the
biology of cancer. Recently, gene therapy studies including suicide gene
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therapy, genetic immunopotentiation, and suicide gene plus allogenic
vaccine were reported (78–81).

The particles initiated cellular responses to an unexpected trauma,
and a normal repair mechanism was the deposition of a fibrous protein,
collagen, in excessive concentrations at the site of trauma. This reaction
is also encountered with other trauma such as the invasion of bacteria,
for example, in the lung environment or when cuts are healing in the
skin. The physical rejection of the particles can be envisioned, but the
local reactions that lead to scarring depend not only on the fiber reach-
ing the delicate tissues of the alveoli deep within the lung but also on
local cell responses.

Conclusion

Asbestos, characterized as a group A human carcinogen, is a generic
name given to the fibrous variety of six naturally occurring minerals:
chrysotile, actinolite, tremolite, anthophyllite, amosite, and crocidolite.
The permissible exposure limits recommended by WHO is 1.0F/cc or
below. The identification of asbestos fibers can be performed through
morphologic, crystal structural, and compositional analyses. It is
widely accepted that asbestos fibers can be associated with asbestosis,
lung cancer, and mesothelioma. Despite extensive cancer studies in
humans, certain controversies remain about asbestos exposure and
cancer. Today, only chrysotile is used as an asbestos material because
it is considered to be less potent. The key questions concern whether
or not, and to what extent, exposure to chrysotile asbestos, including
its natural contaminant tremolite, causes mesothelioma. Many compa-
nies ceased production of asbestos-containing insulations, plasters,
ceiling tiles, and cement products because of liability issues. However,
there is a continued demand for inexpensive and durable construction
materials.
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14
Molecular Epidemiology 

of Mesothelioma
Riccardo Puntoni, Paolo G. Cerrano, and Rosangela Filiberti

Over the past 50 years epidemiology has been involved in the field of
cancer research. By studying the association between risk factors and
cancer occurrence, epidemiologists have contributed to the identifica-
tion of the most important determinants of cancer in humans. In recent
years, epidemiologists have concentrated on the link between genetic
and environment in carcinogenesis, by focusing interests on low-level
exposures.

Indeed, traditional epidemiology, called “black box epidemiology,”
is unable to study the mechanistic aspects of a disease (1). Therefore,
the design of epidemiologic studies has been enriched by introducing
biologic markers (Fig. 14.1), and step-by-step molecular epidemiology
has been created. This new research, Perera (2) states, “seeks to
combine the precision of laboratory methods to quantify carcinogenic
dose or preclinical response in humans, with the relevance and rigor
of analytic epidemiology.” This new research philosophy is based on
properly designed epidemiologic studies that take into account the
control of confounding factors, the selection of appropriate control
groups, the power of the studies, and the extent to which a biologic
marker can predict cancer occurrence (3,4).

The aim of molecular epidemiology is to assess individual exposures
to carcinogens and to quantify genetic damages linked to individ-
ual susceptibility, in order to estimate cancer risk at the individual 
level. Studies of genetically susceptible subgroups can detect high-risk 
subjects and can implement new methodologies to prevent cancer 
at the primary (chemoprevention) or secondary (screening programs)
prevention level. Moreover, a better understanding of the natural
history of cancer may also improve cancer treatment, by selecting 
the patients who will be able to benefit from specific therapies. In 
addition, a multidisciplinary approach between molecular biologists
and epidemiologists, as well as physicians and biostatisticians, is
needed.

The outcome of malignant mesothelioma (MM) is poor, and the
therapy of the disease has not progressed in the past decade (5). But
MM is largely preventable because the causative factors are mostly of
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environmental origin. Nevertheless, genetic factors appear to be impor-
tant by affecting individual susceptibility to carcinogens.

Many years ago traditional epidemiology highlighted the carcino-
genetic effect of asbestos (6–8). Today, the molecular epidemiology
approach has a great capability to study MM, by assessing suscepti-
bility factors that might predispose to cancer and by detecting markers
to monitor cancer risk in individuals exposed to carcinogens and to
improve patient management.

The molecular events that underlie the development of this neo-
plasm have not yet been completely elucidated, such as the possible
relationship between asbestos and simian virus 40 (SV40), and the
intrinsic predisposition of mesothelial cells to accumulate genetic
damages. It is clear that multiple genetic alterations are required for
malignant transformation of mesothelium, as suggested from the long
latency period between exposure and the onset of disease (9). Differ-
ent mechanisms are involved in the etiology of MM, such as modified
gene expression, gene silencing, gene amplification or rearrangement,
complete gene loss, modified expression of their protein products, or
combinations of multiple mechanisms. Other mechanisms include
genomic instability, reduced DNA repair capacity and individual 
susceptibility (10).

In Figure 14.2 a multistep process of risk is hypothesized for MM.
Environmental exposure, which may be monitored with specific expo-
sure markers, such as asbestos bodies in the lung or SV40 antibodies,
increases the risk of damaging DNA at the individual level. This event
may be monitored through different markers of DNA damage and of
susceptibility to DNA damage. Therefore, the presence of damage itself
increases the risk of gene impairment. It is supposed that asbestos
fibers interact with mesothelial cells, generating reactive free radicals
(11), which may influence the activation of some oncogenes or the inhi-
bition of suppressor genes by interfering with mechanisms of cell
growth and with the expression of cytokines and growth factors or
mutated proteins (11,12). The biologic features of the involved genes
affect the aggressiveness and, consequently, the prognosis of disease.
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This chapter summarizes the principal ideas and methodologies
used in the field of molecular epidemiology that can be applied to
increase our understanding of the prevention and surveillance of
malignant mesothelioma.

Biomarkers

Biomarkers are measurable biologic indicators of exposure, effect, sus-
ceptibility, or disease state that are used to understand the mechanisms
of cancer progression (13). Even organs or tissues that are not con-
sidered directly involved in the carcinogenetic process can show a
response proportional to the effective biologic dose. These tissues are
commonly known as “surrogate cell populations.” Chromosomal aber-
rations (CA) (14) or micronuclei (MN) in lymphocytes can be consid-
ered indirect indicators of response that takes place in target organs
(e.g., pleura) and can therefore be considered as “surrogate” markers.
Overall, this aspect is relevant in biomonitoring studies performed 
in living patients, since target tissues are often obtained by invasive
procedures.

Studies with biomarkers may contribute to clarifying the etiology 
of cancer and improving risk estimates, leading to better preventive
strategies.

Biomarkers of Susceptibility

Biomarkers indicate whether an individual is particularly sensitive in
relation to the events produced by exposure. They highlight the dif-
ferences among individuals or populations that may affect the response
to asbestos, SV40, or other environmental agents. These differences
depend on genetic or other individual features influencing the response
of the target tissue. We have divided these markers into two main
groups: metabolic susceptibility markers and DNA repair markers.
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Metabolic Susceptibility Markers
The activity of the enzymes involved in the metabolism of carcinogens
has great variability among individuals, due to the existence of a poly-
morphism in the genes coding for these enzymes. These differences
may be inherited and can lead to conspicuous differences in individ-
ual sensitivity to the effects of chemical exposure, modifying the ability
of a chemical to interact with proteins, RNA, or DNA.

Metabolic susceptibility markers can assess interindividual varia-
tions in the activities of metabolizing enzymes responsible for 
activation (phase I reactions) or deactivation (phase II reactions) of
environmental or endogenous toxicants (16,17). Some metabolic sus-
ceptibility genes have been considered in recent years as risk factors
for lung cancer and for human MM.

The most important polymorphic genes involved in respiratory
cancer risk, as reported in the literature, are:

1. the genes of the cytochrome P450 (CYP) family, which mediate the
phase I reactions of metabolic activation;

2. the phase II genes glutathione S-transferases (GSTs) and N-
acetyltransferases (NATs);

3. the microsomal epoxide hydrolase (mEH) gene, which plays a dual
role in bioactivation and detoxification of procarcinogens.

Many P450 genes are polymorphic, including CYP1A1, whose product
metabolizes polycyclic aromatic hydrocarbons (PAHs) such as ben-
zopyrene (BP). The higher lung cancer risk from the “susceptible”
CYP1A1 genotype was seen in light smokers, whereas heavy smokers
with this genotype had less than twice the risk of heavy smokers
without the genotype (18,19). The gene GST has a basic role in phase II
reactions to deactivate carcinogens. About 40% to 50% of Caucasians
possess a GSTM1 null genotype (20). The state of acetylation is con-
trolled by two autosomal alleles in a single locus; rapid acetylation is
dominating, whereas slow acetylation is recessive. Approximately half
of the Western population is slow acetylating (NAT).

Microsomal epoxide hydrolase (mEPHX) is a critical metabolic
enzyme involved in the activation and subsequent detoxification of
procarcinogens and plays a role in the metabolic activation of the
PAHs.

Metabolic genes encoding for enzymes involved in conjugation
and detoxification are likely to be implicated in the MM carcinogenetic
pathway, due to the presence of free radicals generated from asbestos
exposure.

One study showed that nonmalignant asbestos-related diseases
develop more frequently in occupationally asbestos-exposed subjects
carrying a homozygous deletion (null genotype) of GSTM1 gene (21).
A second study reported that “individuals with homozygous deletion
of the GSTM1 gene and a NAT2 slow-acetylator genotype who are
exposed to high levels of asbestos appear to have enhanced suscepti-
bility to asbestos-related pulmonary disorders” (22). On the contrary,
the GSTM1 genotype did not prove to interact with asbestos exposure
in the risk of lung cancer (23).
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A paper on MM was published in 1995 (24) that reported that indi-
viduals with combined GSTM1 and NAT2 defects had about a fourfold
risk of developing MM compared to those with the GSTM1 gene and
NAT2 fast acetylator genotype [odds ratio (OR) = 3.6; 95% confidence
interval (CI) = 1.3–9.6]. Moreover, the risk among subjects highly
exposed to asbestos with the double at-risk genotype was more than
sevenfold greater than those with the more beneficial genotypes of both
GSTM1 and NAT2 genes (OR = 7.4; 95% CI = 1.6–34.0).

We have carried out a preliminary study by analyzing the distribu-
tion of CYP1A1, mEH, GSTM1, GSTT1, and NAT2 genotypes in an
Italian study population consisting of 55MM patients and 200 popula-
tion controls. The combination of the NAT2 fast acetylator and the
GSTM1 null genotype posed a significantly increased risk of MM com-
pared to the combination of the NAT2 slow acetylator and the func-
tional GSTM1 genotype. A combined effect was also observed for the
NAT2 fast acetylator and the mEH low-activity genotypes compared
with the NAT2 slow acetylator and the high mEH activity genotype
combination.

When the MM patients were stratified according to the degree of
asbestos exposure, the putative mEH high-activity genotypes appeared
to be totally absent among the patients with low or unlikely exposure
to asbestos. The association reached the statistical significance when
cases with high activity were compared with cases of intermediate or
low activity, or intermediate plus low activity cases combined.

The most remarkable combined effect of borderline significance was
observed for the concurrent presence of the NAT2 fast acetylator geno-
type and the mEH low-activity genotype, compared to the combination
of the NAT2 slow acetylator genotype and the high mEH activity
genotype.

Our preliminary results strengthen the hypothesis that metabolic
gene polymorphisms involved in oxidation processes have a role in
modulating individual susceptibility to MM in subjects with different
degrees of asbestos exposure.

The lack of any association between CYP1A1 genotypes and MM cor-
roborates the hypothesis that PAHs, the main metabolic substrates of
this enzyme, have no direct effect in the development of malignant
mesothelioma.

In an immunohistochemistry experiment, expression of the GST sub-
classes alpha, mu, and pi in 20 patients with nonneoplastic mesothe-
lium and in 57 patients with malignant mesothelioma was studied. The
expression of GST pi was reported to be positively correlated with
increased survival in MM. Therefore, the authors concluded that GST
and P-170 glycoprotein may contribute to the resistance to cytotoxic
drugs frequently observed in these tumors, but no correlation was
demonstrated between GST and P-170 expression (25).

DNA Repair Markers
The repair of DNA damage, i.e., base excision repair and nucleotide
excision repair, protects the cell from the injuries of mutagens and it 
is necessary for the maintenance of genomic stability. Failure of this
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system, originally demonstrated in individuals with xeroderma pig-
mentosum, can lead to cancer. It has been estimated that inherited
defects in the DNA repair system can account for 15% to 25% cases—
and even more—of sporadic cancers of different organs (26).

The assays of DNA repair capacity have been recently grouped into
four categories on the basis of the evaluation of DNA damage induced
with chemicals or physical agents. The evaluation tests are the mutagen
sensitivity assay, induced micronuclei, and the comet assay. Moreover,
there are more accurate measures of repair kinetics, such as the host
cell reactivation assay, measures of genetic variation associated with
DNA repair, and indirect tests of DNA repair, such as unscheduled
DNA synthesis (27).

There is no direct information available on DNA damage and MM.
Here some data related to asbestos and SV40, the two major determi-
nants of MM are reported. Asbestos does not significantly induce gene
mutations in bacterial and mammalian systems but causes structural
and numerical chromosome aberrations in cultured mammalian cells.
It has been found that asbestos fibers produce a cell transformation and
genotoxicity characterized by the formation of aneuploid cells, abnor-
mal anaphases, chromosomal aberrations, DNA single-strand breaks,
and DNA repair in human mesothelial cells (28–35).

In SV40 immortalized cell lines an interference of tumor (T) antigen
with DNA repair has been reported (28). Simian Virus 40 large-T
antigen (SVLTAg) has been widely used to immortalize cells. It was
hypothesized that DNA mismatch repair (MMR) activity is important
during SVLTAg-induced immortalization and that the immortalized
cells are deficient in repairing G :T, A :C, and G :G mispairs in bacte-
riophage M13mp2 (29). In addition, the p53 tumor suppressor gene is
able to activate excision repair that is ultraviolet (UV) induced in
human cells. The SVLTAg binds p53 protein and can interfere with its
function. Simian virus 40 transformation was shown to reduce the
levels of DNA repair, most likely because of the inhibition of normal
p53 function by LTAg (30). Tag expression in mesothelial cells might
have both adverse and beneficial effects by impairing the control of
DNA integrity and enhancing apoptosis, respectively (31). As SV40
appears to play a possible role in the impairment of DNA repair mech-
anisms in mesothelial cells, an additive effect with asbestos fibers may
be hypothesized.

In consideration of the DNA damages generated by asbestos or SV40
exposure, all markers reported in the above-mentioned four categories
could be useful to estimate DNA repair capability at the individual
level. The DNA repair capability in MM patients is still overlooked in
the literature.

Micronucleus Test as an Index of Susceptibility to 
Malignant Mesothelioma

The decrease in DNA repair leads to increased genetic damage as mea-
sured by cytogenetic damage, including formation of micronuclei.
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The micronucleus assay is the method we have chosen for assessing
chromosome damage because it enables both chromosome loss and
chromosome breakage to be measured reliably (36). The micronucleus
test (MT) in peripheral blood lymphocytes (PBLs) seems to be a useful
method for monitoring individuals with genetic instability (37), and
recent evidence suggests the usefulness of MT as a screening test for
carriers of specific mutations in evaluating cancer susceptibility (38).
Micronuclei (MN) are small amounts of DNA that arise in the cyto-
plasm when chromatid/chromosomal fragments are not incorporated
into daughter nuclei during mitosis, often because these fragments 
do not possess a centromere. Acentric fragments remain behind at
anaphase, whereas chromosomal elements with centromeres are drawn
toward the spindle poles (39). Therefore, the formation of micronuclei
requires a dividing cell population. Micronuclei are about 1/20 to 1/5
the size of the main nucleus. Usually there is only one micronucleus
formed per cell (40). The frequency of micronuclei is usually reported
as the number of cells containing micronuclei per total cells counted.

A study was carried out to evaluate, by the modified cytokinesis-
blocked method of Fenech and Morley (41), the MN frequency in PBLs
of patients with pleural MM compared to lung cancer (LC) patients 
and two control groups [patients with BRDs, such as chronic obstruc-
tive pulmonary disease, asbestosis and silicosis, and healthy controls
(HCs)] in order to ascertain the relevance of this biomarker to express
the susceptibility of individuals to develop pleuropulmonary tumors.
Analysis was performed blindly of the subjects’ status only on binu-
cleated (BN) lymphocytes with preserved cytoplasm. An average of
2000 cells were analyzed for each subject, and all reported MN counts
were the mean of duplicate determinations. Means, medians, and stan-
dard deviations were calculated in terms of BN cells with MN: (BN -
MN)/1000 BN cells. Nonparametric tests were used to check the dif-
ferences among the groups. A significant increased MN frequency in
PBLs was observed only in patients with MM in comparison with all
other groups. No difference was observed between LC patients and
HCs, or among the different types of BRD subjects (Fig. 14.3).

Asbestos exposure has never been associated with a high frequency
of MN and DNA alterations. Moreover, numerical and structural 
chromosomal aberrations and an increase in MN frequency were also
reported in human cells in a number of studies (42–44). Since PBLs are
not the direct target for asbestos fibers, an increase in the cumulative
genetic damage in this surrogate tissue supplies an index of the cumu-
lative genetic damage occurring during the PBLs’ life span (45).

A study on breast cancer has indicated a close relationship between
the presence of a BRCA1 mutation and sensitivity for the induction of
micronuclei. The authors, in contrast to the results with the micronu-
cleus assay, found no significant difference between women with and
without a BRCA1 mutation with respect to the induction and repair of
DNA damage in the comet assay. The results suggested a normal rate
of damage removal and points to a disturbed fidelity of DNA repair
(46). The increase of micronucleated PBLs in MM, patients together
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with the report of an association of this event with genetic characteris-
tics in other neoplasia, is consistent with the existence of genetic factors
predisposing to the development of MM related to defects in DNA
repair systems.

Biomarkers of Exposure, Diagnosis, and Prognosis

The alterations observed in tumor suppressor genes and dominant
oncogenes may be found in applications to molecular epidemiology
and to clinical work. The impairment of the genes is persistent, so it
may reflect etiologic exposure. It may provide a useful tool for diag-
nostic tests, and even for early detection, since the expression of certain
markers may occur prior to the development of some overt malignan-
cies (47). Moreover, the impairment may act as a prognostic marker,
providing a good estimate of tumor aggressiveness and, eventually, it
may be able to influence therapy decisions, because therapies can be
addressed to the oncogenes or their protein products (48).

Oncoproteins have access to the extracellular environment and are
detectable in peripheral fluids such as serum or plasma, so the measure
of their circulating level provides an interesting opportunity to assess
the diagnostic and prognostic value of a marker overexpression in
patients with tumors that are not easily accessible to biopsy (49).

We briefly describe some markers of genes impairment, according to
their possible utility in the molecular epidemiology of MM.

Tumor Suppressor Genes
A critical role in the development and progression of MM is played by
the loss or inactivation of tumor suppressor (50). p16INK4 is a protein
product of the CDKN2 tumor suppressor gene and is being studied as
one of the most interesting markers in MM, from a diagnostic and a
therapeutic point of view (51,52). It has been reported that deletion of
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p16INK4a occurs in from 22% to 70% of primary mesotheliomas (10,53).
Since the prevalence of asbestos fibers was found to be lower in MM
patients with any p16 alteration than in those with no p16 alteration,
it is possible that deletion of p16 occurs in a relatively susceptible
subset of MM (54). Homozygous CDKN2A deletion may be a diagnos-
tic marker to characterize malignant mesothelial cells from benign reac-
tive cells (55). Loss of p16INK4 protein expression can result also from
epigenetic mechanisms, such as an abnormal DNA hypermethylation.
The inhibition of methylation in mesothelioma may provide a poten-
tial treatment target in some MM (56,57).

The commonest genetic alterations observed in human cancer are
linked to mutations in the p53 tumor suppressor gene. p53 Antibodies
(p53-Abs) have been indicated as possible biomarkers for early diag-
nosis and prognosis in various neoplasms (49,58), and sometimes have
been associated with a poor prognosis and poor survival (59). In addi-
tion, serum p53-Abs could be useful in identifying individuals at high
cancer risk. This has been suggested by studies on a group of workers
with occupational exposure to vinyl chloride who were found to be
seropositive even more than 11 years before the clinical detection of
angiosarcoma of the liver (60), or on patients with chronic obstructive
pulmonary disease (COPD) who had elevated serum p53-Abs about 7
months before the diagnosis of lung cancer (61). The p53 gene is rarely
mutated in MM (52,62–64), but p53 immunoreactivity in tumor tissue
was shown in a proportion ranging from 25% to 86% (65,66). There 
are few data in the literature on p53-Abs in MM, and the results are 
not encouraging concerning their value as diagnostic or prognostic 
indicators (67,68).

We analyzed the anti-p53 autoantibody level in 30MM patients, 
48 LC patients, 55 subjects with benign lung diseases (BLDs), and in 
51 HCs. In our investigation 7.4% of the MMs, 17% of the LCs, 3.6% of
BLDs, and none of the HCs had elevated serum levels of the anti-p53
autoantibodies (69). According to these data, the presence of detectable
p53-Abs in serum of patients with MM appears to be occasional and
does not seem to serve as either a diagnostic or a prognostic indicator.
Nevertheless, the presence of two positives among patients at high risk
of developing pleuropulmonary malignancies underlines the need for
further investigation with prolonged follow-up and an increased num-
ber of subjects.

Some genes have been recognized to be hallmarks of MM and 
suitable for differentiating MM from other tumors. Among these, the
Wilms’ tumor 1 susceptibility (WT1) is selectively expressed in MM
(70). The detection of WT1 messenger RNA (mRNA) and of the WT1
protein is particularly useful in differentiating MM from adenocarci-
noma in tissue sections of pleural tumors (71).

Oncogenes
The role of ras in the development of MM is uncertain. No mutation of
H-ras has been found in MM tissues by Cristaudo et al (72), and results
from other studies indicate that the K-ras proto-oncogene cannot play
a critical role in the induction of mesothelioma by asbestos, either in
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humans or in rats (73). On the contrary, positivity for p21 was found
in 35% of MM tissues examined by Isik et al (68). In this study, a 
relationship between asbestos exposure and p21 was found, since
immunopositivity for p21 was higher for patients with environmental
asbestos exposure and was correlated to exposure times (68). Interest-
ing results come from the determination of p21 expression in serum. A
cohort study on serum samples of 46 pneumoconiosis patients revealed
two MM patients, both positive for p21. In this case, the protein seemed
to support the role of an early diagnostic marker, since the positivity
of the MM patients preceded by 11 and 26 months the clinical evidence
of the tumor (74). The role of p21 as a prognostic marker is controver-
sial (68,75).

Growth Factors
In recent years, attention has been focused on oncogenes’ causing the
production of growth factors or their receptors that have intrinsic tyro-
sine kinase activity. Receptor tyrosine kinases have become therapeu-
tic targets for molecularly aimed therapies, and it is possible that
treatment of MM patients may benefit from this research (31–33).

In a pilot study on 62MMs, 35 LCs, 51 nonneoplastic subjects
exposed to asbestos and assumed to be at-risk controls (RCs), and 25
HCs, we investigated the role of platelet-derived growth factor (PDGF),
which is involved in the pathogenesis of MM (76–78). Only a few
studies have investigated PDGF levels in the blood of neoplastic
patients (74,79,80). Brandt-Rauf et al (74) reported a higher serum level
of PDGF in advanced pneumoconiosis cases than in patients with
disease at an earlier stage. According to this study, patients with higher
PDGF levels had an increased probability of having disease progres-
sion, suggesting that serum PDGF levels may be a marker for the devel-
opment of severe and progressive asbestos-related diseases. We found
positive values in 42% of MMs, 8% of RCs, 3% of LCs, and in 4% of
HCs (preliminary data, unpublished). These results indicate that high
serum PDGF-AB levels could be used as a suggestive indicator of MM.
This hypothesis, and the fact that PDGF is thought to be an autocrine
growth factor for mesothelioma, support the trials that are testing a
highly selective inhibitor of the PDGF receptor tyrosine kinase as a
therapeutic agent (81).

The epidermal growth factor receptor (EGFR) family is a group of
four structurally similar tyrosine kinases, among which there are the
EGFR and HER2/neu protein, encoded by the HER-2/neu gene.
Immunoreactivity for HER2/neu was found in 97% of MM patients
(82). The protein has been detected at increased serologic levels in sub-
jects at risk of cancer, such as in asbestosis patients, who later devel-
oped lung cancer (83). Thus, it may constitute a marker of cancer risk
(83), and possibly of exposure. In fact, an association between occupa-
tional exposures, mainly asbestos, and enhanced secretion of the pro-
tein was found among healthy asbestos workers without asbestosis or
cancer (84,85).

Suggestions for the utility of circulating HER-2/neu protein as an
independent biologic prognostic factor come from a study on patients
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with advanced non–small-cell lung cancer (NSCLC) who submitted to
standard combination chemotherapy. In this study elevated serum
level of HER-2/neu protein were associated with a poor survival
outcome, even if no significant differences were observed in HER-2/
neu serum concentration in lung cancer patients and a group of
matched healthy controls (86,87).

Several studies have demonstrated that both EGF and its receptor
(EGFR) are involved in the development and progression of MM
(88,89), and are correlated with poor prognosis in some types of
tumors. Autophosphorylation of EGFR occurs in mesothelial cells after
exposure to asbestos, and may initiate cell-signaling cascades that are
important in asbestos-induced carcinogenesis (90). Modification of
phosphorylation provides a rationale for the preventive and therapeu-
tic approaches to lung cancers and mesothelioma (91). Other studies in
vitro or on animal models have shown that an agent that significantly
inhibits EGFR may be an effective therapeutic option for patients with
MM (81,92).

The data in the literature support the diagnostic importance of the
hepatocyte growth factor/scatter factor (HGF/SF) and its receptor in
MM (82,93,94). Moreover, studies on lung cancer showed that when 
c-met is mutated or overexpressed in malignant cells it serves as an
important therapeutic indication (95), while elevated HGF is associated
with a poor prognosis and may be useful as a marker of risk in early-
stage tumors (96).

In our experience, the concentration of both HGF and EGF markers
in MM was double the concentration in HC. In this case, positivity was
found in 60% of MM patients and in none of the HCs for HGF, and in
50% of MMs and 18% of HCs for EGF. In addition, a significantly cor-
relation existed between the two markers. Vascular endothelial growth
factor (VEGF) and basic fibroblast growth factor (bFGF) are potent
angiogenic factors that promote vessel formation. An effective thera-
peutic approach for MM (97,99) may derive from VEGF. The concen-
tration of this factor was significantly higher in pleural effusions of MM
patients than in those from patients with nonmalignant pleural disease,
and an inverse correlation between serum VEGF levels and MM
outcome was found (100).

The survival of MM patients seems to be affected also by bFGF, even
if it is expressed more in nonmalignant than in malignant pleural 
effusions (101).
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15
Malignant Mesothelioma 
and Erionite
A. Umran Dogan

Cancer has been known for millennia, but the understanding we have
of its origins and causes are comparatively recent. Ancient Egyptians
first recorded cancer as a disease some 4500 years ago. However, 
it wasn’t until the 18th century that observations on environmental
cancers were made, as people started to look for a connection between
certain environments, including working practices and human cancer
incidence patterns. The idea emerged that the causes of cancer may be
divided roughly into two broad categories: exogenous, which is envi-
ronmental and occupational, and endogenous, which is something
inherent in the person. While this has been a useful distinction,
advances in genetics now seem to be blurring the boundary. The result
is that cancer research has concentrated on the identification of envi-
ronmental and occupational causes of human cancer. By the late 19th
century the study of cancer tissues had revealed that cancer cells were
markedly different in biology and cell structures when compared with
the normal cells in the surrounding tissue. During the 20th century, the
research in cancer increased in an almost exponential fashion.
Advances in genetics, biochemistry, and molecular biology have begun
to allow some insight into what was happening when a normal cell was
changed into a cancerous one and often why it happened. Gene therapy
approaches for inherited and acquired lung diseases are reviewed else-
where (1). Modification of erionite and its effects on in vitro activity is
discussed in Brown et al (2). The genetic susceptibility to mesothelioma
has been introduced and discussed in the literature (3–6).

Cancer can take many forms and is usually named after the cell type
from which it is transformed. Once a cancer cell has arisen, clonal
expansion without regard for the surrounding tissue, accounts for the
clinical symptoms of the disease. As the tumor grows, continuous 
dedifferentiation occurs and cells break away to form new cancers at
other sites in the body. It is this metastatic growth that accounts for
most of the mortality from this disease. A few tumor types are so
aggressive in their development that they kill the host before metas-
tasis even begins. One such cancer is mesothelioma, which is a cancer
of the lining of the body cavity and named for its development from
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the mesothelium. Although these cancers had been known for a long
time, only in the past 40 to 50 years have they been accepted as real
mesothelial neoplasms, and not secondary tumors. In 1960, Wagner et
al (7) described 33 cases of malignant pleural mesothelioma that they
believed had developed through environmental exposure to crocido-
lite, which is blue asbestos. Up to this time, human tumors for which
an external cause had been suggested were believed to arise through
heavy occupational exposure. That tumors could arise through specific
environmental exposure meant that a very much larger population
could be at risk.

Then, about 30 years ago, the fear that this discovery engendered
was underlined when Professor Izzetin Baris identified large numbers
of human mesotheliomas in several villages in central Turkey, in the
region known as Central Anatolia. This time, crocidolite, or indeed any
other amphibole mineral, was not to blame. Such minerals were not
found in this part of the country, although it did seem probable that a
fibrous mineral was responsible for the unprecedented level of disease.
Examination of the volcanic rock formations that dominate this part of
the country revealed the presence of a fibrous zeolite known as erion-
ite, which contained a high percentage of respirable fibers. Animal
experiments have now shown that this may be the most potent natural
mineral carcinogen in nature. It was far more carcinogenic than crocid-
olite. With this knowledge, Baris and his colleagues have demonstrated
that a major cause of the mesotheliomas (in some cases five out of six
family members have presented with mesothelioma) is the erionite.
Any role it may have in other cancers is unclear, but in some Cap-
padocian villages in Central Anatolia cancer is the predominant cause
of death, maybe as high as 80% of total deaths, and some 50% of these
deaths result from mesothelioma. Since the villagers have constructed
their houses from tuffs carved from the often erionite-rich volcanic
rock, and because they till the ground containing respirable fibers of
erionite, they are exposed to the fibers continuously, indoors and out,
throughout their lives. Current attempts at cancer prevention in these
villages (now a unique human laboratory) has led to research efforts
involving molecular and cellular changes in mineral fiber carcinogen-
esis, carcinogen avoidance techniques, human lifestyle analysis, nutri-
tional consumption patterns, and chemical/drug prevention concepts.
The Turkish Ministry of Health has begun to support efforts aimed at
reducing this preventable human cancer problem by establishing hos-
pitals in central Turkey and by sponsoring international meetings in
attempts to understand better environment and cancer interrelation-
ships and to identify possible means of prevention.

The problems of natural environmental pollution by mineral fibers
are not unique to Turkey, although Turkey has suffered more than any
other country. Also, considering the concept of nutritional prevention
of cancers, understanding and ensuring good nutrition is a global
concern. However, Turkey is a geographically vast country with a large
heterogeneous rural community. Most Turkish people survive through
subsistence farming, and have a variety of foods, which is a luxury few
can experience.
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Brief History of the Region

The Cappadocia, “Katpatuka” in Old Persian, means land of beautiful
horses. Archaeologic records indicate that Hittites, Phrygians, Persians,
and Romans populated the region. After Christianity was accepted 
as a religion, a monastic life in the region started about 350 a.d. Sub-
sequently, Cappadocia was occupied by Arabs during the 7th and 8th 
centuries, and Byzantium succeeded the Arabs toward the mid-9th
century. In 1071, the Anatolian Seljuks diminished the Eastern 
Byzantium Empire in the Central and Eastern Anatolia provinces. From
the 14th century onward, the Ottomans replaced the Seljuks in ruling
the region. All empires left their cultural influences as a precious 
heritage: more than 400 rock-hewn churches, the remains of Early
Christian and Byzantine art, and the Ottomans’ hans, caravan serais,
medreses, turbes, and mosques.

It is believed that zeolitic tuff was first used during the Roman
empire to build houses, construct roads, sewage channels, and 
milestones (8,9). Therefore, it is logical to assume that exposure to eri-
onite has been continuous and widespread. Thus the diseases asso-
ciated with erionite have occurred over many centuries in these
regions.

Zeolite-Group Minerals

In general, zeolite-group minerals have excellent physical and chemi-
cal properties and they are used widely in industry. However, a fibrous
form of zeolite, called erionite, has been proven to be the most toxic
mineral in humans.

The word zeolite comes from the Greek word meaning boiling stone,
because of the loss of water when it is heated. Cronsted discovered 
stilbite, a zeolite-type mineral, in 1756. Currently, a zeolite mineral 
is defined as a crystalline substance with a structure characterized by 
a framework of several linked tetrahedra, each consisting of four 
O atoms surrounding a cation. In the hydrated phases, dehydration
occurs at temperatures mostly below about 400°C and is largely
reversible. The framework may be interrupted by (OH, F) groups; these
occupy a tetrahedron apex that is not shared with adjacent tetrahedra.
The tetrahedral arrangement forms lattice structures with relatively
large cavities connected by channels. These cavities contain H2O mole-
cules, and monovalent and divalent cations that balance the charge
resulting from a trivalent aluminum ion replacing a quadrivalent silicon
ion in the tetrahedra. The cations in the cavities can be exchanged with
other cations including mainly sodium, potassium, calcium, magne-
sium, and also less often barium, strontium, copper, zinc, lead, silver,
rubidium, cesium, and ammonium.

The zeolite group of minerals included 32 naturally occurring min-
erals before 1997. The number of minerals almost tripled when the
zeolite-group minerals were reclassified and 13 of them rose to a series
status (10,11).
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Mineralogy of Erionite

Eakle defined erionite from Durkee, Oregon, in 1898. The mineral
occurred as white woolly fibers associated with opal in cavities in rhy-
olitic welded ash flow tuff. Eakle proposed the name erionite, from the
Greek word for wool, because of its woolly aspect.

Earlier erionite studies included Deffeyes (12), Staples and Gard (13),
Ames (14), Eberly (15), and Kawahara and Curien (16). Deffeyes (12)
improved the crystallographic data of erionite and described erionite
from the northern Jersey Valley, Sonoma Range Quadrangle, Nevada;
Shoshone Range and valley of Reese River, Nevada; Pine Valley,
Nevada; east of Sand Draw, Wyoming; and White River formation,
South Dakota.

Erionite, in different parts of the world, has been studied: in the
United States by Deffeyes (12), in Italy by Passaglia et al (17) and 
Passaglia and Tagliavini (18), in Germany by Rinaldi (19), in Crimea by
Suprychev and Prokhorov (20), in Antarctica by Vezzalini et al (21), in
Mexico by Garcia-Sosa and Rios-Solache (22), and in Japan by 
Kawahara et al (23), Harada et al (24), Shimazu and Yoshida (25), and
Shimazu and Mizoda (26).

The morphology of erionite is hexagonal prisms terminated with the
basal pinacoid. Erionite usually occurs as thin fibers, often forming a
compact felt, sometimes with a delicate woolly appearance. The occur-
rence of intergrowth with offretite is common, because both minerals
have similar structures. Sometimes a single erionite crystal contains
some stacking faults of the offretite, as shown by the transmission elec-
tron microscopy (TEM) technique (27). Macro intergrowths have been
described by Rinaldi (19). Fibrous erionite-offretite intergrowths over
levyne lamellae have been observed by Gottardi and Galli (28).

Definition of Erionite Series

Three types of erionite are described as erionite-Na, the type specimen
by Sheppard and Gude (29), erionite-K, the type specimen by Passaglia
et al (30), and erionite-Ca, the type specimen by Harada et al (24). If all
reliable chemical analyses of erionite and offretites available in the lit-
erature are plotted in a discriminatory diagram based on the above
chemical parameters, it is evident that none of the proposed criteria 
satisfactorily defines appropriate compositional fields apt to describe
the literature information (30). Chemical analyses are considered to be
reliable if (Si + Al) = 36, on the basis of 72 atoms, and balance error 
(E) < 10%. E% (31) is

100 ¥ [(A1 + Fe)ob -Alth]/Alth

where Alth = Na + K + 2 ¥ (Ca + Mg + Sr + Ba).
Studies of the crystal structure and crystal chemistry of erionite in

general, but not Turkish erionite, include those of Alberti et al (32),
Gualteri et al (33), and Passaglia and Sheppard (34).
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Geologic and Medical Studies of the Region

Previous geologic studies of the area include Sassano (35), Beekman
(36), Pasquare (37), Batum (38), Aydin (39), Atabey et al (40,41), Ercan
et al (42), Schumacher et al (43), and Le Pennec et al (44). After endemic
mesothelioma in the Cappadocia region was reported by Baris (45),
Ataman (46,47), Mumpton (48), Forster (49), Bish and Chipera (50), and
Temel and Gundogdu (51) surveyed the region and found zeolite-
group minerals including erionite.

Previous medical studies of the area include those of Elmes (52,53),
Pooley (54,55), Sebastien et al (56,57), Rohl et al (58), Suzuki (59), and
Ozesmi et al (60,61).

Mesothelioma and Asbestos

Malignant pleural mesothelioma (MPM) is a relatively rare form of a
lung cancer in which thick layers of malignant cancer develop on the
outer lining of the lung. Regardless of the source of exposure (occupa-
tional or environmental) MPM is a highly lethal disease, with the
majority of patients dying within 6 to 18 months. Current therapy is
unsatisfactory.

Malignant mesothelioma and exposure to different asbestos group
minerals have been studied by many, including McDonald and
McDonald (62,63), Hillerdal and Ozesmi (64), Kohyama (65), Leigh 
et al (66), De Klerk et al (67), Dogan and Emri (68), and Gibbons (69).
Between 1959 and 1977, approximately 4500 cases of mesothelioma
were diagnosed in the world by McDonald and McDonald (62). The
exposure to these carcinogenic materials could either be occupational
or environmental. Clinical, epidemiologic, and pathologic surveys and
in vivo and in vitro experimental work demonstrate that asbestos is
responsible for the etiology of mesothelioma.

Mesothelioma and Erionite

The interest in erionite, a fibrous form of a zeolite-group mineral, has
grown after the initial reports of a high incidence of malignant
mesothelioma in the villages of Karain and Tuzkoy in Cappadocian
region of Turkey by Baris (45), and later a village of Sarihidir by Baris
et al (70). Baris et al (70), Ataman (48), Artvinli and Baris (71), Ataman
(47), Lilis (72), and Ozesmi et al (60,61) studied the region and
attempted to find a relationship between MPM and erionite.

Mumpton (48) reported erionite in the villages where pleural
mesothelioma occurs. He also reported that erionite in other villages,
such as Sarihidir, reported no cases of mesothelioma. Therefore, he sug-
gested that some other agent might be responsible for the high inci-
dence of mesothelioma in this region. Baris et al (73) and Simonata et
al (74) have shown that, contrary to Mumpton (48), mesothelioma also
occurred at unusually high rates in Sarihidir village, Turkey.
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Rohl et al (58) examined lung tissues and rock samples from this area.
They reported significant amounts of tremolite and chrysotile, in addi-
tion to erionite. They concluded that their findings were consistent with
the published data, which showed a relationship between asbestos
(chrysotile or amphibole) exposure and pleural disease. Then they
speculated on the existence of an enhanced tumorigenic effect, which
was probably produced by a combination of asbestos and erionite.
Sebastien et al (75) reported that the high frequency of mesothelioma
in the central Turkish villages was related to airborne exposure from
the natural mineral fibers. Wagner et al (76) examined the relationship
between erionite exposure and mesothelioma, using experimental
studies on rats, and found that samples of erionite from Turkey and
Oregon produced a very high incidence of mesothelioma.

Health effects of these mineral studies include those of Baris et al
(73,77), Casey et al (78,79), Sebastien et al (56,57), Artvinli and Baris
(80), Maltoni et al (81), Suzuki (59), Hillerdal and Baris (82), Sebastien
et al (75), Kruglikov et al (83), and Tatrai et al (84,85). Casey et al (78,79)
reported that fibrosis of the lung and pleura among workers was
related to erionite but not to asbestos. Several studies have been con-
ducted on the inhabitants of “mesothelioma” villages in Turkey (with
environmental exposure to erionite) and on the inhabitants of control
villages. Ferruginous bodies were found in a higher proportion in the
sputa of inhabitants of the contaminated villages than in the control
villages by Sebastien et al (75). Similarly, although not statistically sig-
nificant, differences were found for pleural tissue changes by Baris 
et al (77) and Artvinli and Baris (80) or pleural plaques by Baris et al
(73). Hillerdal and Baris (82) reported that pleural calcifications were
more frequent in inhabitants of erionite-exposed villages (78/549,
14.2%) and of asbestos-exposed villages (104/446, 23.3%) than of
control villages (3/382, 0.8%).

Carcinogeneity studies include those of Baris et al (70,73), Artvinli
and Baris (71), McDonald and McDonald (86), Boman et al (87), Artvinli
and Baris (88), Simonato et al (74), and Ozesmi et al (60). Most of the
data on the carcinogenicity of erionite in humans come from the expe-
rience of the inhabitants of the erionite contaminated villages in Central
Cappadocia, Turkey. Baris et al (70) reported 25 cases of MPM in a pop-
ulation of 575 inhabitants of Karain between 1970 and 1974; Baris et al
(77) reported 28 MPMs in Karain between 1975 and 1979; and Artvinli
and Baris (88) examined over 25 years of 312 inhabitants of Tuzkoy
between 1978 and 1980 and reported 15 MPMs, 12 malignant peritoneal
mesothelioma (MPeMs), and eight lung cancers. The incidence or mor-
tality from mesothelioma was above 1%/year, a rate that is 10,000 times
higher than observed among populations nonoccupationally exposed
to asbestos from Western Europe or North America.

Baris et al (73) conducted an environmental and epidemiologic study
in three contaminated villages (Karain, Sarihidir, and Tuzkoy) and in
one control village (Karlik) in the period of 1979 to 1983. They reported
that fibers taken from street samples were 2–10, 5–25, 1–29, respectively
for Karain, Sarihidir-Tuzkoy, and Karlik; erionite amounts among
fibers (>5mm) were 80%, 85%, 60%; numbers of MPeM cases were
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(males/females) 12/9, 0/5, 2/1; numbers of MPeM cases were
(males/females) 0/0, 0/4, 0/0; numbers of lung cancer cases 
were (males/females) 2/0, 9/0, 5/1; numbers of other cancers cases
were (males/females) 20/11, 5/5, 13/4; and numbers of other 
causes of death were (males/females) 15/17, 12/6, 13/17; Baris et al
(73) confirmed the high mortality from MPM and MPeM, and showed
an excess of lung cancer mortality in the contaminated villages. The
young age of the patients at the appearance of this respiratory neo-
plasm was particularly noteworthy.

Boman et al (87) and Ozesmi et al (89) reported seven cases of
mesothelioma among about 100 men from one of the Cappadocian vil-
lages (Karain) who had immigrated to Sweden. In this group, mesothe-
lioma was the most common cause of death, with an incidence of nearly
1%/year. Metintas et al (90) reported 14 deaths due to MPM among
162 Turkish emigrants from Karain who resided in Sweden. In addi-
tion, there were five patients with mesothelioma (four MPM and one
MPeM) who were still alive. Thus it is calculated that the risk of
mesothelioma for men is 135 times and for the women it is 1336 times
greater than for the same sex and age groups in Sweden. The risk
increased with time of residing in the village. As in the studies from
Turkey, mesotheliomas occurred at a young average age. In subsequent
analyses, a cumulative dose of 1 fiber/mL-year was estimated to
induce a pleural mesothelioma rate of 996 per 100,000 person-years in
the exposed population by Simonato et al (73).

Zeolite Toxicity Experiments Using Animals

Animal experimental studies include those of Suzuki and Kohyama
(91), Wagner et al (76), Pylev et al (92,93), Maltoni and Minardi (94),
Davis et al (95), Tatrai et al (84,85), and Carthew et al (96). Wagner et
al (76) tested natural erionite, synthetic nonfibrous zeolite with the
composition of erionite and crocidolite at concentrations of 10mg/m3

inhalation in rats. Pleural mesotheliomas were found in 27/28 rats
exposed to erionite; one pulmonary and one pleural tumor were found
in the 28 rats exposed to synthetic zeolite, and one lung carcinoma was
reported in rats exposed to crocidolite. A number of experiments have
been conducted on the intrapleural and intraperitoneal administration
of various types of erionite in mice and rats. These experiments have
all been positive, and showed a very high mesothelioma yield (90% or
above) for amounts of erionite above 0.5 or 1mg. For higher doses, the
time of appearance of the tumors was decreased (95,96). Other solid
tumors, at the site of inoculation, as well as lymphomas have been occa-
sionally described. Carthew et al (96) compared the relative carcino-
genic potency of erionite and asbestos fibers. In experiments based on
intrapleural inoculation, erionite was 300 to 800 times more active 
than chrysotile, and 100 to 500 times more active than crocidolite. In
intraperitoneal experiments, erionite was 20 to 40 times more active
than chrysotile and 7 to 20 times more active than crocidolite.
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Davis (97) showed that intrapleural injection of asbestos produced
more tumors than following intrapleural injection. Stanton et al (98)
reported that the tumorigenity of asbestos in relation to mesothelioma
is attributable to fibers longer than 8mm and less than 1.5mm in diam-
eter. Maltoni et al (81) tested erionite and crocidolite fibers for car-
cinogenicity. They reported pleural mesothelioma after intrapleural
injection with erionite fibers, but no pleural tumors among the rats
treated at the same time and in the same way with crocidolite. Johnson
et al (99) showed that tumors induced by asbestos and erionite are mor-
phologically similar; however, the biologic activity of the two mineral
types was different. Suzuki and Kohyama (91) studied the effects of
intraperitoneal administration of mordenite and two natural erionites
in mice. They found that both erionites produced malignant peritoneal
tumors at a high rate, but mordenite did not produce any cancer.
Wagner et al (76) showed that the inhalation of erionite in comparison
with asbestos produced tumors more rapidly and more frequently.

Palekar et al (100) and Coffin et al (101,102), using both in vitro and
in vivo methods, demonstrated that erionite was much more tumori-
genic than crocidolite or chrysotile and induced chromosomal abnor-
malities. Coffin et al studied mechanisms of tumorigenesis and tried to
explain why erionite was more tumorigenic than either crocidolite or
chrysotile, in spite of the fact that asbestos minerals typically have a
far greater percentage of fibers in the length-to-width class considered
to be dangerous. They invoked the high internal surface area of erion-
ite (200m2/g) when compared with the total surface areas for chrysotile
(24m2/g) and crocidolite (8–10m2/g) as a possible reason for the
observed differences in tumorigenesis.

Mortality Studies

Clinical, epidemiologic, and pathologic surveys and in vivo and in
vitro experimental studies demonstrate that asbestos is responsible for
the etiology of mesothelioma. Epidemiologic and pathologic studies
were carried out in South Africa by Wagner et al (7); in the United
Kingdom by Newhouse and Thomson (103); in Germany by Bohlig 
et al (104); in Canada by McDonald et al (105); in France by De Lajarte
et al (106); in Australia by Milne (107); and in the United States by
Selikoff et al (108), Enterline (109), and Selikoff (110). These studies
have emphasized that approximately 70% to 85% of mesothelioma
patients have been exposed to asbestos through occupational, envi-
ronmental, or other means.

Three villages in Central Anatolia, Turkey, namely Tuzkoy, Karain,
and Sarihidir, comprise an extremely important field area and are infor-
mally referred to as “the death triangle.” Since 1975, Baris has been
investigating this malignant mesothelioma in these three villages in
Nevsehir, Turkey, and he has maintained all patient records of this
disease including chest x-rays and personal health statistics. He also
gathered the data on the death records of patients who had died of
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mesothelioma and other cancers in these villages in Turkey or abroad
(i.e., Karain colony villagers in Sweden).

Epidemiologic records for these eight villages between the years 1994
and 1997 have been studied. An extremely high rate of cancer in the
young-to-middle-age group was observed in the study area. In vitro
and in vivo studies performed by the International Agency for
Research on Cancer (IARC) and the World Health Organization (WHO)
also indicate that there is enough evidence to conclude that these fibers
are carcinogenic and that the cancer rate in this region is about 1000
times more than the normal rate.

Genetic Studies Suggest Predisposition to 
Erionite Carcinogenesis

Since erionite was elevated to the group status in 1997 there have been
no studies performed that quantitatively characterized erionite-Na, 
erionite-K, and erionite-Ca in the various erionite villages. Thus we do
not know to what types of erionite these villagers are exposed. Family
pedigree analyses conducted in the village of Tuzkoy suggested that
the carcinogenicity of erionite was more pronounced in certain fami-
lies. Families with a high incidence of erionite were identified, while in
other families living in the same village the incidence of mesothelioma
was low. It did not appear that these differences could be explained by
different exposures to erionite since all villagers should be exposed to
similar amounts of erionite dust. Previous studies suggested that eri-
onite was carcinogenic at very low doses compared to asbestos (77).
Thus, the hypothesis of genetic predisposition to erionite carcino-
genicity was formulated (4,6). However, this hypothesis must be veri-
fied in the other two mesothelioma villages of Karain and “Old”
Sarihidir. Moreover, the hypothesis that mineralogic differences among
houses within the same village is not responsible for the different inci-
dence of mesothelioma among families in the same village should also
be verified by quantitative characterization of the erionite found in
these houses. It remains to be demonstrated that there are no chemical
differences among different houses in the same villages, or among
nearby villages, that could account for the different incidence of
mesothelioma. Our research team is investigating these possibilities.

Erionite in Turkey

Previous studies reported that erionite was found only in the three vil-
lages of Karain, Sarihidir, Tuzkoy, and that the neighboring villages of
Karacaoren (also called Karacaviran) and Yesiloz (also called Tahar) were
reported as nonmesothelioma villages by Temel and Gundogdu (51). In
contrast, our detailed geologic and mineralogic study of the region
showed that erionite is not confined just to these three villages (111,112).
In fact, the Karacaoren village is also contaminated with erionite both 
in the bedrock and the wall rock. Subsequent epidemiologic studies
showed that the previously reported nonmesothelioma villages such as
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Karacaoren had a high rate of mesothelioma. Therefore, it was estab-
lished that there was a direct relationship between erionite and nonoc-
cupational malignant mesothelioma in all of these villages in the region.

In Central Anatolia, Turkey, eruptions of volcanoes, mainly Erciyes
(3917m) and Hasandag (3268m), caused the region to be covered with
a thick stratum of lava, volcanic ashes, and a dense tuff layer that
formed on the earth’s surface. In the Cappadocian region, tuffs accu-
mulated in topographically low areas through both direct airfall con-
tributions and the reworking of larger widespread ash mantles. In time,
natural factors such as rain and wind created extraordinary shapes,
deep valleys, and natural sculptures of fairy chimneys in the tuff 
formations of this Cappadocian area. Single-tuff deposits consist of 
successive accumulations of ash from more than one eruption event.
Following deposition, tuffs have undergone a series of geochemical
changes involving an early dissolution of glass surfaces and precipita-
tion of grain coating smectite, followed by erionite growth in the pore
spaces. A chemical environment of increasing alkalinity is suggested 
to explain the observed mineralogic changes. Activity diagrams of 
zeolites by Birsoy (113) also support this theory.

In the United States there are deposits of fibrous zeolites specifically
in the western portion of the country. There are homes made of zeolite
(erionite) in Oregon and weigh stations made of the same materials in
Nevada. Very large amounts of zeolites were also used in pozzolanic
cements such as those used in the construction of the Los Angeles aque-
duct in California. Recently, a few cases of zeolite-related pulmonary
diseases have been reported in the U.S. Therefore, the possibility of
increased exposure to zeolites in the western U.S. is anticipated and
potential carcinogenic dangers must be evaluated.

Erionite is the only zeolite whose evidence of carcinogeneity has
been evaluated. It is classified as a human carcinogen by the IARC
(114). In Turkey, erionite-contaminated villages in the Cappadocia
region provide a natural laboratory to study the health effect of these
carcinogenic minerals, and the villagers who immigrated from Karain
to Sweden also form a unique community to study the follow-up effects
of zeolite exposure. The cancer rate in these regions is about 1000 times
higher than the normal rate. The local saying, “I don’t know my father
and my father doesn’t know his father,” indicates that the cancer has
been there for centuries.

This problem requires worldwide immediate attention. Although
both the exposures and biologic mechanisms are complex, we hope that
the multidisciplinary medical geology studies, which combine high-
resolution mineralogy and human genetics, will help us understand
and control this very malignant human disease.

Conclusion

Mesothelioma, malignant pleural mesothelioma (MPM), or malignant
peritoneal mesothelioma (MPeM), is a very lethal disease. Clinical 
and experimental studies have confirmed a carcinogenic linkage to 
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erionite, a zeolite-group mineral. In 1975 an extremely high rate of
MPM incidence was observed in some villages in the Cappadocian
region of Turkey. Further studies showed that the erionite type of
zeolite minerals, not asbestos, was the major cause of the epidemic 
in this area. The high potential of erionite to induce MPM has been 
confirmed by both epidemiologic and experimental studies.

The World Health Organization (WHO) classified erionite, a zeolite
group mineral, as a group I carcinogen (114). The classification is based
on evidence in humans, specific diseases from occupational exposures,
and health effects noted in animal and cell experiments. Three types of
erionite have been described: erionite-Na, erionite-K, and erionite-Ca
(10,11). Erionite is observed in the previously reported villages and 
also in several new villages in the Central Anatolian region of Turkey
(111,112).
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16
Determination of Asbestos Exposure

by Pathology and Clinical History
Allen R. Gibbs

The determination of whether an abnormal asbestos exposure took
place is important in mesothelioma cases because of the potential for
financial compensation and for the assessment of the likelihood of
further cases occurring from similar occupational, paraoccupational, 
or environmental circumstances. One should be aware that not all
mesotheliomas are associated with asbestos exposure. Spirtas et al (1)
found after careful systematic inquiry that 88% of pleural and 54% of
peritoneal mesotheliomas could be attributed to asbestos exposure 
in men in the United States but only 23% of pleural and peritoneal
mesotheliomas could be attributed to asbestos in women in the United
States. An earlier study of mesotheliomas in North America showed
lower figures—50% in men and 5% in women (2).

There are several ways whereby a reasonable determination can be
made of whether abnormal asbestos exposure has occurred in an indi-
vidual. These include (1) a detailed and reliable occupational history;
(2) identification of clinical markers of exposure such as pleural
plaques, diffuse pleural fibrosis, rounded atelectasis, and asbestosis; (3)
histopathologic features, such as pleural plaques and asbestos bodies;
and (4) mineral analyses of digested lung tissues.

In most, if not all, parts of the world, there are background exposures
to asbestos both inside and outside of buildings. These have arisen
from natural outcrops and from industrial activity. These are at very
low levels, usually less than 0.001F/mL (F stands for the degree of fine-
ness of abrasive particles) but in some countries there are higher envi-
ronmental exposures, for example, Turkey, Corsica, Cyprus, Russia,
Czechoslovakia, Austria, Bulgaria, Greece, and New Caledonia, which
have given rise to asbestos-related diseases such as pleural plaques and
mesotheliomas. Asbestos fibers have been found in the air and water
supplies. Airborne levels of asbetos fibers are generally higher in urban
than in rural areas but this has not been accompanied by a detectable
increase in nonoccupational mesotheliomas (3). Interestingly, a study
of airborne asbestos levels in 12 buildings where friable amosite was
used as fireproofing material and generally was in poor condition,
found indoor concentrations indistinguishable from outdoor levels,
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and no evidence of episodic asbestos release was found (4). However,
if the fireproofing was knocked out of the ceiling and allowed to fall 
to the ground, airborne asbestos fiber levels increased for a brief 
period of time but did not exceed the United States Occupational Safety
and Health Administration (OSHA) occupational exposure level for
asbestos.

There is a continuum from background exposure to industrially
derived exposures to asbestos, and there is no sharp boundary between
them. This can give rise to difficulties in determining the background
ranges of asbestos for various populations. Indeed, much debate
centers on what constitutes a realistic set of controls. Another impor-
tant point is that when mineral fiber concentrations are determined in
the lungs of subjects with mesothelioma in order to determine the like-
lihood of it being asbestos related, it is important to be aware that 
background levels of asbestos fibers do exist in the lungs of the gen-
eral population not occupationally or paraoccupationally exposed to
asbestos. These background levels should be determined for the labo-
ratory carrying out the analysis in the individual case because there are
technical differences in the way the analyses are carried out by differ-
ent laboratories, and therefore one cannot use the background range
for one laboratory and extrapolate it to another (5).

One should be aware also that asbestos is not a homogeneous entity.
There are two main families of asbestos fibers: serpentine and amphi-
bole. These have important physical, chemical, and pathobiologic dif-
ferences. The sole constituent fiber of the serpentine asbestos group 
is chrysotile (white), while the amphibole group includes amosite
(brown), crocidolite (blue), tremolite, actinolite, and anthophyllite.
When assessing a prior asbestos exposure it is useful to determine 
the fiber type(s) involved because there is a much lower potential for
causing mesothelioma from chrysotile exposure than there is from the
amphiboles; a study by Hodgson and Darnton (6) estimated a risk ratio
for mesothelioma of chrysotile/amosite/crocidolite of 1 : 100 :500.

Clinical History

It continues to disappoint that inquiries into possible exposures to
mineral dust, particularly asbestos, are poorly carried out in hospitals
that deal frequently with pulmonary diseases. A reliable occupational
history is crucial to assessing the risks of occupational disease in a
worker and in attribution of a particular disease to an occupational
exposure. With respect to mesothelioma, an appropriate latency period
from first exposure to asbestos to onset or death from the tumor is nec-
essary for attribution. A review by Lanphear and Buncher (7) of 1690
cases of mesothelioma found that 99% had a latency period of more
than 15 years; 96% had a latency period of at least 20 years, and the
median latency period was 32 years. In fact, in the series of cases where
there was a well-defined period of asbestos exposure, the latency
period was almost always in excess of 20 years and averaged 30 to 
40 years.
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In any individual case a careful inquiry should be made commenc-
ing with the individual’s first employment and working completely
through chronologically until the current or final employment, noting
for each the dates of commencement and termination. Careful details
of the nature of the various employments should be made because 
it may not be immediately apparent that there was a potential for
asbestos exposure. The reliability of the history varies since in some sit-
uations, for example, work as an insulator or in shipbuilding, exposure
to asbestos is clear-cut, whereas in other situations, such as the con-
struction industry, the amount and frequency of exposure is variable
and depends on the precise work carried out. Direct regular exposure
to asbestos is easier to evaluate than indirect intermittent exposures.
Sometimes exposures are exaggerated because there is a tendency to
assume all visible dust was asbestos, whereas it might have contained
other types of mineral dust, particularly where a disease, such as
mesothelioma, which is strongly associated with asbestos exposure, is
the subject of the inquiry (so-called recall bias) or where there are
pending medicolegal proceedings. The recollections of relatives who
provide the occupational history of a deceased patient are generally
less accurate than if the occupational history had been obtained directly
from the patient.

Sometimes exposures to asbestos, particularly tremolite or antho-
phyllite, have occurred environmentally from birth, for example, in
Turkey, Greece, Corsica, New Caledonia, Russia, Czechoslovakia,
Austria, Bulgaria, and Finland.

Mesotheliomas have also resulted from exposures to asbestos
brought home on the clothes of other family members who worked in
a facility using asbestos. Exposures to asbestos in females are more
commonly through the paraoccupational than the direct occupational
route and these can be equivalent to occupational exposures, which has
been confirmed by lung fiber burden analyses in some cases (8). There-
fore, it is necessary to make inquiries as to the occupational activities
of other family members and whether, if they were occupationally
exposed, they wore their dirty workplace clothes home for laundering
during the period appropriate for the latency of the tumor.

Accurate, comprehensive, and detailed histories of exposure to
agents such as asbestos can be facilitated by the use of questionnaires.

Clinical and Radiologic Markers of Exposure

The clinical and radiologic markers of exposure include pleural plaques,
diffuse pleural fibrosis, rounded atelectasis, and asbestosis.

Pleural Plaques

Plaques are pearl gray, smooth, raised nodules, often calcified, which
are situated on the parietal pleura, most commonly on the posterolat-
eral and basal parts of the chest wall and diaphragm (Fig. 16.1). They
are frequently associated with asbestos exposure especially when large,
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numerous, and bilateral, but there are other causes such as trauma, old
tuberculosis, exposures to talc or mica, and idiopathic causes.

Pleural plaques are benign, and the great majority of individuals
with plaques alone have no symptoms or changes detectable by lung
function studies. They appear to be related more to amphibole than to
chrysotile asbestos exposure. The study by Gibbs (9) of the Quebec
chrysotile miners and millers showed that the incidence correlated
with tremolite better than with chrysotile concentrations. Pleural
plaques can occur with brief, intermittent, low-level exposure, and 
they have been found in individuals exposed indirectly to asbestos
(paraoccupational, neighborhood, environmental). Plaques related to
environmental exposure have been associated with the tremolite or
anthophyllite types of fiber.

Less than 10% of pleural plaques found at postmortem have been
detected in life. This proportion may alter with the increasing use of
computed tomography (CT) scanning. Identification of pleural plaques
by chest radiographs has a significant error rate, particularly in obese
individuals where fat pads can be mistaken for pleural plaques.

Pleural plaques do not begin to show themselves until 15 to 20 years
after the first exposure and they may take 30 years for calcification.
Their incidence in an asbestos-exposed population increases with time
since first exposure. Pleural plaques are a marker of asbestos exposure
only and do not indicate an increased risk of malignancy (10). For
instance, a shipyard worker with plaques is no more likely to develop
mesothelioma or lung cancer than a shipyard worker without plaques.
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Knowledge of their presence is less informative than an accurate occu-
pational history.

Diffuse Pleural Fibrosis

Diffuse pleural fibrosis predominantly affects the visceral pleura and
it can surround the lung completely (11,12). When bilateral and exten-
sive it can be associated with a decrease in vital capacity. It can be 
associated with quite low exposures to asbestos. The changes are not
specific to asbestos and require evidence of an elevated asbestos fiber
burden in the lungs to attribute it to asbestos (vide infra).

Rounded Atelectasis

Rounded atelectasis refers to an asymptomatic, peripheral, rounded
pulmonary mass 2 to 7cm in diameter that is attached to the pleura. 
It can mimic lung cancer on radiologic investigations, but a typical
“comet’s tail” of vessels and bronchi may be evident linking into the
lateral aspect of the mass, which distinguishes it from neoplasia (13,14).
Pathologically it consists of dense pleural fibrosis, which is drawn into
atelectatic lung parenchyma. Although most closely associated with
exposures to asbestos, because of the latter’s tendency to induce pleural
fibrosis, it has also been described in association with trauma, infec-
tion, and other agents such as silica, which can result in pleural 
thickening (15).

Asbestosis

Asbestosis is defined as diffuse interstitial fibrosis of the lung that has
been caused by inhalation of asbestos fibers. Clinically evident and
radiologic changes of asbestosis are usually associated with prolonged
heavy exposures to asbestos, which are far higher than necessary to
produce mesothelioma. Changes of asbestosis are frequently absent in
cases of mesothelioma. If they are present, then there is usually a strong
and convincing history of asbestos exposure.

Histopathologic Evaluation of Cases

Examination of the pleura at autopsy may reveal the presence of pari-
etal pleural plaques that were not detected during life and it is impor-
tant that the examiner note their presence, number, and location.

Asbestos Bodies

The main histopathologic evidence for asbestos exposure is dependent
on the finding of asbestos bodies in light microscopic sections of lung
tissue either by conventional or iron stains. Asbestos bodies are golden,
brown, club-shaped, often beaded structures that contain a clear pale
transparent straight needle-like core. They are formed by the coating
of the asbestos fiber with ferritin and protein and take months or years
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to develop after deposition of the fiber in the lung. If the morphologic
criteria are carefully adhered to the majority (greater then 95%) of the
asbestos bodies are found on examination by electron microscopy with
energy dispersive x-ray spectrometry to contain commercial amphibole
(crocidolite or amosite) cores. In some areas of the world with environ-
mental exposures to asbestos they contain tremolite or anthophyllite.
Asbestos bodies formed from chrysotile are rare. The finding of one
convincing asbestos body by light microscopy in a standard histo-
logic section nearly always signifies an above-background exposure.
However, ferruginous bodies that are not formed on asbestos fibers can
occur, for example, on talc, mica, kaolin, coal, carbon, rutile, and iron
(16). These are distinguished by having cores that are yellow or black
or platy rather than fibrous. Particular care has to be exercised by the
histopathologist when evaluating cases with mixed dust exposures
where substantial amounts of sheet silicates (talc, mica, kaolin, etc.) 
are present; these silicates can be coated to form ferruginous bodies 
and although these are platy, they can be cut at such an angle as to
appear to be fibrous and can be incorrectly identified as asbestos. If the
histopathologist finds clusters of asbestos bodies, this usually signifies
very high levels of commercial asbestos fibers.

Tissue Digests and Bronchoalveolar Lavage Examinations

When conventional light microscopic examination of tissue sections fails
to demonstrate the presence of asbestos bodies, other quantitative
approaches can be utilized to demonstrate an elevated fiber burden 
such as counting asbestos bodies or fibers on lung tissue digests or 
bronchoalveolar lavage (BAL) samples (5,17–19). The former can be
done using light microscopy and the latter necessitates phase-contrast
microscopy or electron microscopy. For both approaches the standard
reference ranges for the normal population should be determined by the
laboratory carrying out the analysis since numerous studies have been
published from many countries that have demonstrated the presence of
asbestos bodies and fibers in digestates of lung from individuals without
occupational exposure to asbestos. Asbestos bodies constitute only
about 0.01% to 1% of fibers visible by electron microscopy. Further the
proportion of asbestos fibers that become coated to form asbestos bodies
varies with a number of factors including fiber type, fiber length, fiber
number, and the amount of iron in the tissue, and therefore one cannot
calculate a precise fiber load by quantifying the number of asbestos
bodies. Analyses using electron microscopic techniques are more time-
consuming and costly but are much more sensitive and can provide a
precise breakdown of the different fiber types present (20). They should
certainly be employed where the light microscopic techniques fail to
demonstrate an elevated fiber burden.

Samples of sputum can also be evaluated for the presence of asbestos
bodies. Their detection indicates heavy occupational exposure to
asbestos even years after cessation of exposure (21). However, the
examinations are of little practical use in subjects exposed to relatively
light or moderate amounts of asbestos.
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17
Mesothelioma and 
Asbestos Exposure

J. Corbett McDonald and Alison McDonald

Historical Background

It was the Conference on the Biological Effects of Asbestos at the New
York Academy of Sciences, organized by Irving Selikoff in November
1964 (1), that put both mesothelioma and asbestos on the map. Before
that meeting, few people in the scientific or general community had
much knowledge of either subject. There they learned the nature and
numerous essential industrial uses of a group of naturally occurring
mineral fibers, collectively known as asbestos, although in fact com-
prising at least five distinct materials, chemically, physically, and 
geologically. Of these, chrysotile, a serpentine mineral mined mainly in
Quebec and the Ural mountains of Russia, made up over 90%. Of the
remainder the two most important were crocidolite and amosite, 
produced mainly in South Africa and Australia, both amphibole min-
erals with distinctive qualities valuable for heat insulation, naval
marine use, and the production of large-bore cement pipes. Two other
amphibole mineral fibers were anthophyllite, of limited production in
Finland, and tremolite, little used, though by far the most widespread
geologically. Presenters at the conference stated that within some 20
years of the first industrial exploitation of asbestos in the 1880s,
workers heavily exposed to airborne fiber and dust developed a dis-
tinctive, seriously disabling and sometimes fatal diffuse pulmonary
fibrosis, later termed asbestosis. Little was done to limit exposure until
the late 1930s, when after a well-conducted survey of four asbestos
textile plants in North Carolina, Dreessen et al (2) and others of the U.S.
Public Health Service recommended in 1938 that a workplace dust con-
centration of 5 million particles per cubic foot (about 15 fibers/mL)
should not be exceeded. Mainly because of the Second World War, this
recommendation was not implemented; and probably for the same
reason it went unnoticed that there were case reports by some German
pathologists (3) of malignant tumors of the pleura and peritoneum in
men with asbestosis. Thus it was only in the 1950s that the causal asso-
ciation of asbestos exposure with lung cancer in the United Kingdom
(4), and later with mesothelioma in South Africa (5), was recognized.
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Until that time even the very existence of primary malignancies of the
mesotheleum was questioned by reputable pathologists. Looking back,
however, a review by Saccone and Coblenz (6) in 1943 had included
the identification of over 40 cases in autopsies published since 1870,
and referred to two cases of “endothelioma” reported in 1767 by 
Lieutaud in France among 3000 autopsies. That mesothelial cancers in
low frequency probably occurred well before the industrial use of
asbestos is discussed more fully later. Indeed, a low background inci-
dence of unknown etiology has almost certainly continued, affecting
both children and adults.

The Link with Asbestos

Two key events were undoubtedly responsible for organizing the New
York Conference. The first was the report in 1960 by Wagner et al (5)
of 33 cases of pleural mesothelioma in the northwest Cape Province of
South Africa, 28 of which occurred in persons who had either worked
in the crocidolite mines or lived close to them, even as children. The
second was a study by Hammond et al (7) of 307 deaths in a small
cohort of 632 New York insulation workers, including four from pleural
and six from peritoneal mesothelioma. At the end of the conference, an
expert working group of the International Union Against Cancer
(UICC), after review of the evidence presented, made a number of 
recommendations for epidemiologic studies, in particular into the
importance of asbestos fiber type, especially in mining industries rather
than in manufacturing, to avoid the complication of exposure to mix-
tures (8). At the request of the Canadian Federal Government, and with
support from the Research Institute of the Quebec Asbestos Mining
Association, a comprehensive university-based scientific program was
established almost at once (9). Elsewhere, only in the chrysotile mine
of Belangero in northern Italy was anything done to implement these
recommendations until over 20 years later. As a result, the lack of infor-
mation on amphibole exposure, comparable to that for chrysotile,
greatly delayed our understanding of mineral fiber carcinogenicity.

Early Case-Control Studies

Data from two important case-control studies in the United Kingdom
were presented at the New York Conference and published more fully
the following year. The first of these was by Elmes et al (10), who
studied 42 male cases of pleural mesothelioma and 42 closely matched
controls in Belfast, Northern Ireland, with detailed work histories taken
from those still living or from relatives of those who had died. Thirty-
seven cases had been exposed to asbestos, mainly in plumbing, 
insulation, and shipyard work, not all heavily and without mention of
fiber type, compared with nine controls. The second study, by New-
house and Thompson (11), was of 83 cases, half in men and half in
women, who had died between 1917 and 1950, 56 from pleural and 27
from peritoneal mesothelial tumors, close to the large Cape Asbestos
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Company’s factory that opened in 1913 in London’s East End. Their
control series comprised patients admitted later to the hospital with
other diseases, matched for sex and age. The authors acknowledged
that neither these control measures nor the interview methods were
ideal, but concluded that the case-control comparisons of occupational
and residential histories were probably valid. Of 76 pairs, 18 cases
(24%) had been employed at the Cape Asbestos factory, five (7%) at
other asbestos plants, and eight (11%) as insulators or laggers, com-
pared with one (1%) and four (5%) controls respectively. A further nine
cases (12%) were in persons who had lived in the same house as an
asbestos worker and were indirectly exposed, compared with one
control (1%). Only crocidolite from South Africa was used in the Cape
Asbestos factory until 1926, when small quantities of chrysotile and
amosite were introduced.

During the next few years, six more case-control studies were 
published in addition to the two studies cited above, all with a sub-
stantially increased relative risk associated with occupational asbestos
exposure (Table 17.1). Little attention was given to fiber type explicitly,
but it can be seen that five of the eight studies were in shipyard areas
where amphibole use was common. Rather different from the other
seven, and perhaps more generally informative, was the study across
Canada by McDonald et al (13). This entailed an approach to all 423 of
the country’s pathologists, whereby 165 known deaths from mesothe-
lioma in 1959 to 1968, diagnosed by autopsy or biopsy, were registered
(i.e., 1 per million population per annum). Of this total, 65% were in
men; 70% were pleural, 27% peritoneal, and 3% pericardial. Detailed
occupational and residential histories of exposure to asbestos and six
other materials used industrially were obtained “blind” from relatives
and friends in 90% of the cases, and from two matched case-control
series, one of primary and one of secondary lung cancer, selected from
the same autopsy records. An association with definite or probable
occupational exposure to asbestos was clearly demonstrated—indeed
with the highest relative risk (7.0) of all eight case-control studies—but
only 20% of men and one woman had any such contact. Almost all the
excess was in the manufacturing and industrial application of asbestos,
rather than in mining or milling. No association was found with lesser
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Table 17.1. Early case-control studies of mesothelioma giving definite or probable occu-
pational exposure to asbestos
First author Years Male Occupationally Relative 
(reference) Year Place diagnosed Cases/controls (%) exposed (%) risk

Elmes (10) 1965 Belfast 1950–64 42/42 95 76 3.6
Newhouse (11) 1965 London 1917–64 76/76 49 41 3.9
McEwen (12) 1970 Scotland 1950–67 80/80 91 58 4.2
McDonald (13) 1970 Canada 1960–68 165/165 65 21 7.0
Rubino (14) 1972 Piedmont 1960–70 50/50 64 12 6.0
Ashcroft (15) 1973 Tyneside 1948–67 27/56 88 93 2.3
Hain (16) 1974 Hamburg 1958–68 150/150 71 58 6.3
Zielhuis (17) 1975 Netherlands 1969–71 67/67 94 72 4.0
Source: Based on Table 1 in McDonald and McDonald (3).



degrees of occupational exposure or residence in asbestos-mining
areas, but there was a small excess of possible domestic exposures. The
smoking histories in the mesothelial tumor and male control groups
were almost identical, and considerably lower than those in cases of
primary lung cancer, implying that unlike asbestos-related lung cancer,
smoking did not contribute to this disease.

In 1972 the survey was repeated, with extension to all pathologists
in North America (some 7000 of them), almost all of whom agreed to
contribute cases identified at autopsy or biopsy for the one year only
(18). A control subject with death from metastatic lung disease from a
primary tumor outside the chest, matched for date, sex, and age, was
selected from the same pathology file as the case. Relatives were inter-
viewed usually by a public health nurse who was not informed about
the case-control status, and detailed residential and occupational his-
tories were recorded. Jobs were also coded blind, using a list compiled
by four expert international groups, according to the probability of
asbestos exposure. Of 344 male cases of mesothelioma, 188 (55%), com-
pared with 78 (23%) controls, fell into one of the five exposed cate-
gories: insulation work, an infrequent occupation in controls, had the
highest relative risk (46.1); asbestos production and manufacture were
next in line (6.1), followed by employment in heating trades (exclud-
ing insulation work), shipyards, and construction (3.4). Subjects from
this survey were subsequently used as the base in a case-control analy-
sis of lung burden with the fibers identified and concentrations 
estimated by electron microscopy. The results of this study are 
summarized later, together with those from other lung burden 
analyses.

In the Canadian surveys, 1960 to 1966, the average annual incidence
was one case per million persons—about 1.5 for males and 0.8 for
females; however, there may have been underreporting during these
early years. In 1966 to 1972, the incidence in Canada was 2.9 per million
males and 1.4 per million females, and in the United States in 1972 the
corresponding rates were 2.7 and 0.8 per million. These estimates were
used in 1975 in a geographical analysis of all known cases of mesothe-
lioma worldwide in areas where reported cases could be linked to 
population estimates. By applying age- and sex-specific rates found in
Canada, the number of mesotheliomas expected on this basis was com-
pared with the numbers observed (19). High observed-to-expected
ratios were found in many European shipyard cities, notably
Walcheren, the Netherlands (23.3), Wilhelmshaven, Germany (21.5),
and Plymouth, UK (14.3). In two locations with large asbestos product
manufacturing industries, there were also high ratios: Dresden,
Germany (16.8) and the Manville-Somerville area of New Jersey 
(26.5).

In the early 1970s, mesothelioma mortality in North America was
already two or three times higher in males than females. This pattern
soon became apparent in most industrialized countries and was fol-
lowed by a steady upward trend in male mortality, which still contin-
ues. The steep rise in males, which probably began in the 1940s, reflects
a parallel increase in the industrial use of asbestos, from about 1910,
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having taken account of a 30- to 40-year latency. As a result of this
steady increase, mesothelioma is now responsible for some 20 deaths
per million male population in Western Europe and North America
compared with an estimated 1 to 2 per million 30 to 40 years ago. In
early studies, only a minority of male cases were attributable to occu-
pational exposure, whereas now up to 90% are.

Occupational Risk

Apart from the early case-control studies just described, the main body
of information on risks from exposure to airborne asbestos fibers in the
workplace is contained in over 40 historical cohort mortality studies
reported during the past 30 years. These studies have varied in quality
and in the extent to which exposure has been assessed in duration,
intensity, or asbestos fiber type. In fewer than 10 cohorts had there been
any attempt to estimate exposure intensity for each cohort member, 
and in very few cohorts indeed was there exposure to only one type 
of asbestos. These serious deficiencies, given the potentially great 
difference in carcinogenicity between chrysotile and the amphi-
boles, render almost uninterpretable the results of the many cohorts
exposed to mixtures where one type, usually chrysotile, was said to
predominate.

Despite this lack of specificity, cohort surveys, by being prospective,
have provided more useful information on occupational risk than was
usually obtained from retrospective case-referent studies. This is more
true, however, of lung cancer and nonmalignant respiratory disease
(NMRD) than of mesothelioma. Standardized mortality ratios (SMRs)
can usually be calculated by age, sex, and exposure variables for the
former but not the latter, as even now mortality rates for mesothelioma
in the general population are seldom available, let alone reliable. Inves-
tigators have had to fall back instead on measures of proportional 
mortality, though these depend enormously on age composition of the
cohort and length of follow-up. For example, in the large cohort of
Quebec chrysotile miners and millers, described more fully below, the
proportion of all deaths ascribed to mesothelioma rose steadily from 3
of 2413 (0.12%) in 1966 to 38 of 8009 (0.47%) in 1992 (20). Even so, in
the absence of any better index, proportional rates interpreted with care
can be useful. Thus, in Table 17.2, where the salient findings from the
43 main cohort mortality studies published before 1999 are summa-
rized, the differences in proportional mortality for mesothelioma are
large and systematic. This is especially so when differences between
chrysotile and amphibole exposure within the same industrial sector
are considered in more detail.

The largest and most complete of the mining cohorts was of all 10,918
men born in 1891 to 1920 who, in 1966, had served for 1 month or more
in the Quebec chrysotile production industry, either as miners or
millers in the town of Asbestos or region of Thetford Mines, or in a
small asbestos products factory (23). Excluding losses, almost all before
1935 and in men with very short employment, 8009 (82%) of 9780
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traced had died before 1993; 38 (0.47%) probably from mesothelioma,
distributed as follows:

274 Chapter 17 Mesothelioma and Asbestos Exposure

Average exposure Mesothelioma

Location Traced Deaths (f/mil.y) n PMR (%)

Thetford Mines 5041 4125 570 25 0.61
Asbestos 4031 3331 390 8 0.22
Factory (in 708 553 201 5 0.90

Asbestos)
f/mil.y, fibers/million per year; PMR, proportional mortality ratio.

Average exposure Mesothelioma

Exposure Traced Deaths (f/mil.y) n PMR (%)

Crocidolite only 2893 423 9.6 20 4.73
Amosite only 2356 648 15.2 4 0.62
Mixed 509 154 nk 6 3.90
nk, not known.

At both the town of Asbestos and the region of Thetford Mines, the
average duration of employment for mine, mill, and factory workers
was about 10 years, and of those traced, 76% had worked for more than
1 year. No case occurred among some 4400 men employed less than 2
years; eight were in men employed 2 to 5 years, and the remaining 30
in men employed 20 to 49 years. All employees in the factory were also
potentially exposed to crocidolite and amosite, mainly used in cement
and friction product manufacture. Among these were two cases in men
who in 1939 to 1942 worked on the carding of pure crocidolite for 
military gas mask filters. The exposures, shown in f/mil.y, are approx-
imate and were obtained by conversion from cumulative exposures
expressed in million dust particles per cubic foot.y (mpcf.y), accumu-
lated by workers to age 55.

The cohort of 7317 white South African amphibole miners was estab-
lished in 1981 from records of men employed since 1925 (28). Only
some 45% of the cohort were employed for more than 1 year, and 8%
for more than 10 years. Excluding 167 lost to follow-up, 1225 of the
remaining 7150 had died; 30 (2.4%) probably from mesothelioma, 
distributed as follows by type of exposure:

The cohort of Australian crocidolite miners and millers comprised 6505
men first employed between 1943 and 1967, with 4653 (72%) traced to
the end of 1980; by then 820 were known to have died, 32 (3.9%) from
mesothelioma (27). Their median cumulative exposure was estimated
at 6 fibers per cc/year; their median duration of employment was only
4 months, but their exposure was described as intense. Despite the 
far lower cumulative exposure experienced by South African and 
Australian workers than the men in Quebec, their proportional mor-
tality from mesothelioma was about 10 times higher.



Most of the other industry-specific comparisons present much the
same pattern. In friction product manufacture, for example, although
11 mesothelioma deaths were observed by Newhouse and Sullivan (45)
in a large cohort of over 9000, virtually all of whom were exposed only
to chrysotile, 10 of the 11 were definitely, and one possibly, members
of a small group who worked for a short time on a special crocidolite
contract. In the textile industry, the two cohorts studied by McDonald
et al (40,42) were in plants owned by the same company and similar in
every way, except that in the one with 14 deaths from mesothelioma,
crocidolite was also used. Even more dramatic results were obtained
from the two cohorts employed briefly during the early years of the
Second World War in Canada (49) and in England (50) on the manu-
facture and assembly of filter pads made with pure crocidolite for mil-
itary gas masks. Cases of mesothelioma began to appear in both cohorts
18 years later, with PMRs reaching 16% and 17%, respectively. A
disaster of similar severity affected a small group of employees in 
the United States engaged in the manufacture of cigarette filters, of all
things, from crocidolite. In contrast, a study of 570 British workers
employed in manufacturing civilian gas masks using chrysotile filters
produced only one case, an employee previously exposed to crocido-
lite (52).

In summary, of 11,538 deaths in the chrysotile cohorts, 44 were from
mesothelioma (PMR per thousand 3.8), whereas in the amphibole-
related cohorts of 19,622 deaths, 590 were from mesothelioma (PMR
per thousand 30.1). While the carcinogenic potency of crocidolite thus
seems clear, that of amosite, particularly in mining, is less so. High rates
of mesothelioma were observed nevertheless in the manufacturing of
insulation materials and among insulation workers, both groups
heavily exposed to amosite. In none of the reports on cohorts in Table
17.2, however, is there any reliable indication of risk in relation to esti-
mated intensity of exposure to any specified fiber type; the interpreta-
tion of the PMRs, therefore, entails several assumptions.

A further point of interest concerns the general parallel exhibited in
Table 17.2 between levels of mesothelioma and lung cancer excess mor-
tality in all industries except textile manufacture. In the four cohorts
shown, two of which were in the same plant, there were only two
mesothelioma deaths in all, whereas for lung cancer the general pattern
was reversed (40,41). In the other two textile plants in which crocido-
lite was also used, there were 24 deaths from mesothelioma, but with
only modest SMRs for lung cancer (42,43). This anomaly, which is con-
fined to the use of chrysotile in this particular plant, has never been
satisfactorily explained (60), and is all the more important in that it did
not apply to mesothelioma.

Other Causes

Mention has been made of the occurrence of possible cases of mesothe-
lioma in autopsy series at the end of the 19th century. Given the long
latency of this disease (20 to 50 years or longer), it is unlikely that they
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could have resulted from the industrial exploitation of asbestos, which
began in the 1880s and then only on a small scale. This evidence in itself
is not conclusive, but there are stronger grounds for both the existence
of a low background incidence of mesothelioma of unknown etiology,
and for causation by at least one environmental mineral other than
asbestos.

Fibrous Erionite

The evidence against fibrous erionite is virtually confined to the dis-
astrous occurrence of unequaled mortality from these tumors in a 
localized area of central Turkey. The population of three villages in
Cappadocia had been exposed since birth to airborne fibers of erionite,
a zeolite mineral quite unrelated to asbestos, though with fibers having
some physical similarities to crocidolite. The fibers are derived from
volcanic rock, or tuff, which is used in the area for construction of
houses and other buildings. In the three affected villages, 29 of 125
deaths during a defined period were from pleural mesothelioma, and
four others from peritoneal disease (61). Investigation showed that air-
borne fiber concentrations were higher in the villages affected than in
one that was not; also sputum samples from residents in the former
contained ferruginous bodies with an erionite core. In most cases expo-
sure was from birth, with death occurring 27 to 40 years later. In
common with amphibole fibers, electron microscopic studies of lung
tissue showed erionite to be highly biopersistent. Deposits of fibrous
erionite occur in volcanic areas elsewhere, for example in some Rocky
Mountain states; there has also been some synthetic production for
industrial catalytic purposes. No clear link with mesothelioma mortal-
ity has been shown with either of these possible sources; perhaps
because nowhere other than in Cappadocia has volcanic tuff been used
for domestic buildings, resulting in exposure of young children. It is
worth adding that deaths from mesothelioma have also been recorded
in Scandinavia and other parts of Turkey among former residents of
the affected villages.

Apart from asbestos and erionite, no other environmental agent has
been incriminated with any certainty. Some suspicion has rested on the
long, thin silica fibers created by the burning of sugar cane in India (62)
and in the southern states of the United States (63). A similar process
might also arise in forest fires, but none of these suggestions has been
supported by experimental or lung burden evidence.

Mesothelioma in Children

Despite diagnostic uncertainties, greater even than in adults, it is
evident that mesothelioma does occur in children. In a review of 80
cases, reported from 1969 to 1986 (64), the ratio of males to females,
aged 1 to 19 years (mean 9.7 years) was 1.4 :1 and only two had a pos-
sible exposure to asbestos. Of these, 68% were pleural, 25% peritoneal,
and 8% pericardial. Given that the latency of mesothelioma is very
seldom less than 20 years, and in the Turkish cases at least 27 years, it
is most unlikely that childhood cases could be due to asbestos expo-

276 Chapter 17 Mesothelioma and Asbestos Exposure



sure. The incidence of mesothelioma in persons younger than 20 years
of age can be roughly estimated from three studies (65). In the 
Canadian survey from 1960 to 1968, four fatal cases were ascertained
by systemic inquiry from all pathologists—a rate of about 0.7 per 10
million per annum. A very similar figure can be derived from 13 cases
identified among death certificates in the United States from 1965 to
1968. Finally, data from the Surveillance, Epidemiology, and End Result
(SEER) program in the United States, estimated the case incidence from
1973 to 1984, at 0.5 per 10 million. As mesothelioma in children may
well be underdiagnosed, a conservative estimate for the annual case
incidence in North America may well reach 1 per 10 million, but even
so, appreciably lower than any comparable estimate for adults.

Statistical Extrapolation

In Canada, annual incidence rates based on cases of mesothelioma
ascertained through pathologists, when extrapolated backward,
suggest that male and female rates were similar at or before 1950, at a
level of about 1 per million population. This pattern is similar to trends
found in the SEER cancer surveillance program in the United States,
and for mortality observed in Britain, Finland, Norway, and Denmark,
where an increasing male excess appears due to the more frequent
history of occupational asbestos exposure in men than in women. In
the SEER program, regions with higher age-adjusted incidence rates,
presumably attributable to work-related asbestos exposure, had higher
ratios of male to female cases than regions with lower rates, and linear
extrapolation would suggest that, at the point where the sex ratio is
equal, the incidence might be as high as 5 per million, though with
wide confidence limits. In Los Angeles County, equal numbers of cases
in men and women were without history of exposure to asbestos, sug-
gesting a background incidence of about 2 per million. In France,
careful inquiry failed to identify any opportunity for asbestos exposure
in younger subjects with mesothelioma, with equal numbers of males
and females. In all these various studies, efforts to detect a cause other
than asbestos have been largely unsuccessful (65).

Lung Burden Analyses

Valuable though cohort mortality surveys have been in assessing the
health effects of asbestos in selected industries, they have not con-
tributed much to knowledge concerning risk in relation to intensity of
exposure to specific types of fiber. In diseases such as mesothelioma,
the relevant exposures took place many years before adequate mea-
surements of respirable dust particles, let alone fibers, had been made.
Any such estimates remain at best a rough surrogate for what an 
individual worker inhaled and retained. Thus the development in the
1970s of electron microscopy with energy-dispersive analysis, to iden-
tify, count, and size mineral fibers in lung tissue, held great potential,
though also with limitations. Apart from selective biases resulting from
the availability and nature of lung samples obtained for analysis, fibers
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seen at autopsy or biopsy may not reflect what were present years
earlier; much depends on the ability of fibers to penetrate the airways,
and on their subsequent durability and biopersistence. As it is precisely
in these latter qualities that chrysotile and the amphiboles differ, any
epidemiologic study of lung burden must be carefully controlled and
the results interpreted with considerable caution.

Despite these difficulties, there have been several well-designed
case-control studies of reasonable quality in Europe, Australia, and
America that, though not conclusive, have provided consistent evi-
dence implicating amphibole fibers rather than chrysotile in most cases
of mesothelioma (Table 17.3). The two most recent studies from
Germany (72) and the United Kingdom (73) are particularly informa-
tive in that they addressed risk in relation to fiber concentration in lung
tissue, i.e., retained dose. In both these studies, a highly significant
linear relationship was observed between odds ratios and concentra-
tions of amphibole fiber, but not with chrysotile. In the German study,
risk was greatest with fibers longer than 15mm, and in the British, short,
medium, and long fibers were all associated with risk, but most closely
with those in the longest category (≥10mm). In the latter study, the
strong linear trend shown by crocidolite, amosite, and tremolite when
combined suggested that their effects were probably additive (Table
17.4). Overall, these analyses indicated that some 80% of cases studied
were attributable to amosite or crocidolite, and 7% to tremolite. The
contribution of chrysotile could not be reliably assessed because of its
low biopersistence, but as over 90% of all asbestos used is chrysotile,
for which tremolite is a valid marker, it must be small.

The British study just described was based on a larger number of
cases reported by chest physicians in a national surveillance scheme in
men younger than 50 years of age at time of diagnosis. It was thought
that most, if not all, of the occupational exposures would have been
since 1970 when the importation of crocidolite to the UK was virtually
eliminated. In fact, it was found that almost all the cases were in men
who had started work several years before that date. Of 37 occupations 
analyzed, odds ratios against expected values obtained from the census
were significantly raised in only eight, of which five were in the con-
struction industry: carpenters, plumbers, electricians, insulators, and
unskilled workers. The remaining three categories at increased risk
were workers in shipbuilding, cement, and mineral product manufac-
turing, all less important in this than in earlier surveys (74).

The Tremolite Factor

When we began in 1965, at the behest of the UICC Working Group, an
extensive program of epidemiologic research in the Quebec asbestos
mining industry, it was in the belief that we were dealing with expo-
sure to chrysotile only. Clear evidence was found of a systematic 
relationship between quantitative estimates of airborne dust particle
exposure and all measures of morbidity and mortality of primary inter-
est, including lung cancer, radiographic change, lung function, and 
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respiratory symptoms (75). Except at very high exposure levels, these
adverse health effects were not severe, and even among 2413 deaths 
in a cohort of some 10,000 men, only three (0.12%) were ascribed to
mesothelioma. This seemed in marked contrast to the findings of
Selikoff et al (56) of 22 deaths (5.8%) from this cause among 380 deaths
in a small cohort of 632 American insulation workers (76).

It was observed at the outset, and by local physicians for many years,
that pleural thickening and calcification were much more frequent
among workers in the Thetford Mines region of Quebec than in the
town of Asbestos, some 60 miles away. In a detailed study of pleural
calcification Gibbs (77), who was responsible for the environmental
aspects of our research program, noted in 1972 that these radiographic
changes were considerably more prevalent in some mines than in
others, suggesting to him that minerals other than chrysotile might be
responsible. Over the next few years, a series of studies was published
with results based on electron microscopic analyses of lung tissue at
autopsy, which, taken together, indicated that the exposure experi-
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Table 17.4. Distribution of lung fiber concentrations with grouped and continuous odds
ratios (OR)

Concentration
Fiber type (per mg) Cases Controls Crude OR Adjusted ORa

Crocidolite 0 28 48 1.0 1.0
0.1–0.9 27 8 5.3 (2.0–14.3) 4.6 (1.3–15.5)
1.0–9.9 11 1 17.5 (2.0–155) 3.9 (0.3–40.4)
≥10.0 3 0 • •
Linear modelb 13.2 (3.3–44.5) 40.0 (2.6–388)

Amosite 0 13 34 1.0 1.0
0.1–0.9 23 18 5.6 (1.6–18.8) 5.1 (1.4–18.6)
1.0–9.9 26 5 24.9 (5.7–108) 17.9 (3.5–91.4)
≥10.0 7 0 • •
Linear modelb 11.4 (2.8–49.2) 14.3 (2.2–113)

Tremolite 0 55 51 1.0 1.0
0.1–0.9 13 6 2.2 (0.9–6.6) 2.3 (0.7–8.0)
1.0–9.9 1 0 — —
≥10.0 0 0 — —
Linear modelb 6.9 (0.2–30.9) 29.6 (<0–340)

All amphiboles 0 6 28 1.0 1.0
0.1–0.9 26 24 9.2 (1.9–44.5) 8.8 (1.8–43.5)
1.0–9.9 28 4 64.7 (9.8–425) 59.9 (9.0–400)
≥10.0 9 1 55.8 (3.9–792) —
Linear modelb 19.4 (4.2–137) 47.6 (6.0–>999)

Chrysotile 0 14 19 1.0 1.0
0.1–0.9 28 21 1.5 (0.6–3.9) 1.9 (0.5–6.7)
1.0–9.9 26 16 2.2 (0.8–6.2) 2.2 (0.6–8.4)
≥10.0 1 1 — —
Linear modelb 0.1 (<0–1.2) 2.2 (<0–>999)

a Crocidolite, amosite, and tremolite are adjusted for each other. Total amphiboles and chrysotile are adjusted for
each other.
b Average increment in odds ratio per fiber/mg.
Source: From McDonald et al (73).



enced by workers with Quebec chrysotile was much more complicated
than had previously been supposed.

First came the observations of Pooley (78), and then of Rowlands 
et al (79), who found that, in the lungs of former Quebec miners at
autopsy, chrysotile and tremolite fibers were present in surprisingly
similar concentrations (Fig. 17.1). Later, further analysis of data from
these studies suggested that tremolite concentrations were perhaps two
to three times higher in the region of Thetford Mines than in the town
of Asbestos (80). There followed a much larger investigation by
Sébastien et al (81) that, though undertaken for an entirely different
purpose, added considerably to several aspects of the tremolite ques-
tion. The primary objective of this study was to explain the much
greater risk of lung cancer, though not of mesothelioma, in asbestos
textile workers in Charleston, South Carolina, than in Quebec miners
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Figure 17.1. Lung of Quebec chrysotile miner at autopsy. Ch, chrysotile fibers;
T, tremolite fibers. (Source: Copy of photomicrograph kindly provided by Dr.
Patrick Sébastien.)



and millers both exposed to chrysotile from the same source. One
hundred sixty-one lung tissue samples from deceased cohort members
(72 from Charleston and 89 from Thetford Mines) were collected 
for analysis by transmission electron microscopy. Altogether 1828
chrysotile and 3270 tremolite fibers were identified; in both cohorts
tremolite predominated and fiber dimensions were closely similar.
Analyses that took account of duration of employment, exposure inten-
sity, and time from last employment to death concluded that none of
these variables could explain the higher lung cancer risks observed in
textile workers. The possible co-carcinogenic role of mineral oil used
to control dust in textile plants was an alternative explanation, which
has yet to be adequately tested. However, the findings from this large
survey made it possible to address several other questions.

The first of these studies sought to explain the remarkable predom-
inance of tremolite fibers in the lungs of men overwhelmingly exposed
at work to chrysotile, although in the city of Thetford Mines tremolite
represented only 1.5% of asbestos fibers in the ambient air (82). That
this enormous difference was probably due to the far greater durabil-
ity and biopersistence of tremolite was demonstrated by examining
mean lung fiber concentrations in deaths at varying times after the date
of last employment. The lungs of even men who died while still
employed contained twice as many tremolite fibers as chrysotile; at
more than 10 years after leaving work, the ratio rose eightfold (83). In
another analysis, the results of which are shown in Figure 17.2, it can
be seen that in relation to cumulative exposure, the lung concentration
of tremolite in Quebec miners increased linearly, whereas that of
chrysotile did not (84). This pattern was virtually identical to that
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Figure 17.2. Human and experimental data on the relationships between
cumulative exposure to asbestos dust and lung retention. [Source: Based on
Sébastien et al (84).]



reported by Wagner et al (85) in laboratory rats after inhalation of
amosite and chrysotile.

In his earlier study of pleural calcification in the region of Thetford
Mines, Gibbs (77) had noted that these changes were more common
among miners than millers, and particularly in men who had worked
in a localized group of mines near the center of the town rather than
in other mines located peripherally. He concluded that the cause might
be related to some mineral closely associated with chrysotile, possibly
mica, talc, or brünnerite, but he did not include tremolite, which even
Riordan (86) had rarely mentioned in his comprehensive description of
the geology of the region in 1957. Much later, when, by 1992, 38 prob-
able cases of mesothelioma had been identified in the Quebec cohort
among over 8000 deaths from all causes, it became clear that even at
Thetford Mines they too were unevenly distributed. As mentioned in
the previous section, among 4125 deaths in miners and millers at Thet-
ford Mines, there were 25 (0.61%) from mesothelioma; at the town of
Asbestos among 3331 deaths, the corresponding figure was 8 (0.24%).
At Thetford, however, the cases were more common in miners, whereas
at Asbestos the few cases were all in millers. A further detailed 
examination of work histories of the cases at Thetford showed that
man-years of employment were concentrated in a localized area of five
mines centrally located (area A), compared with 10 mines located
peripherally (area B) (20). These were much the same as those observed
by Gibbs for pleural classification. A more detailed analysis was then
made of the data for the 83 subjects in Thetford Mines from the study
of Sébastien et al (84), using available records of the specific mines in
which each man had worked. This showed that the concentration of
tremolite fibers, but not of chrysotile, were some four times higher
among 58 men in area A (32/mg) than among 25 men in area B (7/mg)
(p = .0002). A strictly controlled study of deaths from mesothelioma and
other cancers, with analysis by logistic regression, was therefore under-
taken (87). This showed that the odds ratios (OR) for work in the central
mines (area A) were raised substantially and significantly for mesothe-
lioma [OR = 2.55; 90% confidence interval (CI) 1.52–4.27] and lung
cancer (OR = 1.98; 90% CI 1.53–2.57), but not in area B or for cancer at
other sites in either area. Reanalysis by Sébastien of fibers from his
earlier study (81) also confirmed that there was no important difference
in their dimensions or composition between the two areas.

None of these findings would necessarily have incriminated tremo-
lite, as opposed to some other mineral with similar geographic distri-
bution, in the absence of independent evidence of the carcinogenicity
of fibrous tremolite. The strongest indication of this has been the expe-
rience of vermiculite miners and millers in Libby, Montana, exposed to
contaminating amphibole fibers in the tremolite series, but to no other
form of asbestos. In the early 1980s, parallel but independent studies
of mortality and morbidity among the employees of the Libby plant
were undertaken by us and the National Institute for Occupational
Safety and Health (NIOSH). The results obtained by the two groups
provided very similar evidence of high excess mortality from non-
malignant respiratory disease, lung cancer, and mesothelioma (88), 
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and an increased prevalence of small radiographic opacities of between
6% and 10% per 100F/mL years (89).

As these findings on mortality were based on very small cohorts, a
further follow-up to the end of 1998 has recently been completed,
allowing a more reliable assessment of risk in relation to estimated
exposure. Total deaths to the end of 1998 were lung cancer 44 (SMR
2.40), NMRD 51 (SMR 3.09), all causes 285 (SMR 1.27); included among
the total were 12 deaths attributed to mesothelioma (PMR 4.21%) (90)
(Table 17.5). Adjusted linear relative risks (per 100F/mL.y), estimated
by Poisson regression, were lung cancer (0.36, 95% CI 0.03–1.20),
NMRD (0.38, 95% CI 0.12–0.96), and all causes (0.14, 95% CI 0.05–0.26).
The 12 deaths from mesothelioma, though with a typical latency range
of 22 to 47 years (median 35.5 years) showed only a limited relation-
ship to estimated exposure. The all-cause linear model would imply a
14% increase in mortality for mine workers exposed occupationally to
100F/mL.y or 3.2% for a general population exposed for 50 years to an
ambient concentration of 0.1F/mL (90).

Synthesis

Over 40 years have passed since 1960, when 33 cases of pleural
mesothelioma were described by Wagner et al (5), almost all from the
crocidolite mining region in the northwest Cape Province of South
Africa. In the same year, 10 cases of peritoneal mesothelioma were
reported by Keal (91) among textile employees of the Cape Asbestos
Company in London, exposed to crocidolite from the same source. 
Recognizing therefore the importance of asbestos fiber type, the UICC
Expert Group in 1964 had put priority on epidemiologic studies of
miners and millers engaged in the production of the three main types
of asbestos rather than on employees in manufacture and industrial
application, usually entailing chrysotile-amphibole mixtures. During
the next 20 years, unfortunately, most research focused on the latter
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Table 17.5. Mortality in Libby cohort of vermiculite miners exposed to fibrous tremolite
(n = 406) (reference: US white males) (90)

Deaths to July 1983 Deaths since July 1983a Total

ICD-9 Observed SMR Observed SMR Observed SMR

Respiratory 160–165 23 2.45 21 2.35 44 2.40
cancers

All other cancers 140–159, 20 1.09 19 1.29 39 1.18
165–208,
230–239

NMRD 010–018, 21 2.55 30 3.63 51 3.09
460–519

Circulatory 390–459 65 0.87 39 1.11 104 0.95
disease

External 800–998 23 1.87 3 1.03 26 1.71
All causes 165 1.17 120 1.43 285 1.27
(incl. 4 (PMR = 2.4%) 8 (PMR = 6.7%) 12 (PMR = 4.2%)

mesothelioma)

ICD, International Classification of Diseases; NMRD, nonmalignant respiratory disease.
a To January 1, 1999.



and, until the late 1980s, the only production workers studied were
miners and millers in Quebec and Italy, both with similar and reassur-
ing results for chrysotile. The first amphibole mine workers for whom
there were comparable data were, in fact, the Libby vermiculite
employees, exposed incidentally to contamination by fibrous tremolite
(26,90). Only later were mortality data published in 1988 on crocidolite
miners in Australia (27), and in 1992 on crocidolite and amosite miners
in South Africa (28), but in the meantime a considerable number of
cohort study results based on workers in the manufacturing industries
or in asbestos product use were published. Exposure in all of these
cohorts was mainly to chrysotile, but in most of them also to varying
proportions of crocidolite or amosite.

Investigators familiar with the disastrous experience of insulation
workers in North America, where exposure had also been to chrysotile,
and possibly amosite, found it difficult to believe that all types of
asbestos were not equally harmful. This view was supported by exper-
imental evidence, which showed that all fiber types were equally 
carcinogenic, without appreciating that biopersistence and durability
would be far more important in humans, with a much longer life span,
than in laboratory animals. Against a background of much suspicion
and recrimination, the results of the several important cohort studies
published in the 1980s failed to have much effect on entrenched and
conflicting views. For those who saw chrysotile as a mineral fiber of
low carcinogenicity, the findings summarized in Table 17.2 confirmed
this opinion. Others, with legitimate concern for control rather than sci-
entific niceties, found little difficulty in maintaining their disbelief.
Uncertainties associated with mixed exposures, lack of information on
exposure intensity, and statistical chance were often cited; other reasons
were less flattering (3).

Some resolution of this unpleasant and unhelpful controversy came
with the use of lung tissue analyses in epidemiologic research. Despite
difficulties in interpretation of results and the absolute need for prop-
erly selected controls (92), these studies demonstrated two things and
revealed a third. First, was the clear evidence of an overwhelming 
predominance, with dose-response, of amphibole fibers in mesothe-
lioma cases; second, that amphibole fibers persist in lung tissue,
whereas chrysotile does not. The short life span of laboratory animals
could not deal adequately with tumors in humans of long latency.
Third, it has only been by analyzing lung tissue that the varying pres-
ence of fibrous tremolite has been demonstrated in commercial
chrysotile.

Although the recent update on mortality in the Libby vermiculite
cohort has indicated that the ability of fibrous tremolite to cause
mesothelioma is on a par with crocidolite, it remains almost impossi-
ble to estimate the contribution it makes to the carcinogenicity of 
commercial chrysotile, which greatly varies in level of tremolite
content, both geographically and in time. There are two main reasons
for this. First is our ignorance of how best to assess exposure to a car-
cinogenic agent that is biopersistent. Cumulative exposure clearly
underestimates the potential effect of a retained carcinogen. The expo-
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sure index that appeared to do best in the Libby cohort was one in
which the estimated fiber concentration at any year was weighted by
residence time. Although conceptually reasonable, such an index was
largely determined by estimated airborne fiber concentrations 30 to 50
years before death, for which only the most crude approximations can
be guessed in this or any other mortality study. With only 12 mesothe-
lioma deaths in a cohort of 406 men, a statistically significant discrim-
ination between risk and any type of exposure index was not possible.
Second, there is the analogous problem that results from a total igno-
rance of the tremolite concentrations to which Quebec miners and
millers were exposed, as far back as 1918, when men who later devel-
oped mesothelioma were first employed. These cases were miners
rather than millers, and in the relevant period there were almost 30 dif-
ferent mining companies, in few of which were any dust measurements
made. Exposure to tremolite would certainly have been intermittent,
as evidenced by the fact that mesothelioma risk in the Quebec cohort
was related to duration of employment but not to intensity of dust
exposure.

Thus, to obtain any kind of answer to the question, we must take
account of other types of evidence. For example, there was no case of
mesothelioma in the Quebec cohort in men employed less than 2 years,
and in the 21 of 38 men with mesothelioma whose lungs were exam-
ined at autopsy, amphibole fibers—mostly tremolite and in high 
concentration—were present in them all (20). In the eight studies of
lung fiber burden in mesothelioma cases and controls (Table 17.3), little
or no evidence of risk was observed with chrysotile only; indeed,
amphibole fibers were present in most cases. Finally, the recent case-
referent study in the United Kingdom of young adults with mesothe-
lioma showed that crocidolite and amosite, singly or additively, could
account for about 80% of cases, and tremolite for about 7%, leaving
very few for chrysotile alone.

Compared with amphibole fibers, pure chrysotile is removed much
more rapidly from human tissue, but it is not without some biopersis-
tence. It would be unreasonable, therefore, to conclude that when
inhaled in sufficient quantity it carries no mesothelioma risk. It should
be remembered, nevertheless, that the epidemiologic evidence
reviewed in this chapter reflects exposure levels some 40 or more years
ago, orders of magnitude higher than those that prevail today or that
should be readily achievable. Unfortunately, past failure to discrimi-
nate between the carcinogenicity of chrysotile and the amphiboles
allowed the latter to be inadequately controlled too long.

Conclusion

In the discussion session on mesothelioma that followed the presenta-
tions by Selikoff, Wagner, Newhouse, Elmes, and others at the New
York Conference in 1964, Scheepers (93), a principal discussant, raised
two prophetic questions that it has taken 40 years to answer. First, with
regard to 11 cases of lung cancer with which he was familiar and whose

286 Chapter 17 Mesothelioma and Asbestos Exposure



predominant exposure had been to chrysotile, he questioned the logic
of attributing them to chrysotile when all had “at one time or another
also been exposed to other forms of asbestos, mainly amosite or croci-
dolite.” His next paragraph then began with the words “What about
tremolite?”! This chapter has been devoted almost entirely to these two
questions. As far as mesothelioma is concerned, the number of cases in
which exposure has been to commercial chrysotile only, let alone to
pure chrysotile, is few; almost all were also exposed to crocidolite,
amosite, or chrysotile-amphibole mixtures. The potential importance of
amphibole fibers in the tremolite series is only now being appreciated.
Its carcinogenicity appears similar to that of crocidolite and, either as
a frequent contaminant of chrysotile or as a general environmental 
pollutant in certain localities, its effects, though yet to be fully assessed,
could be very large.
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18
From Monkey to Man: 

The Epidemiologic Evidence 
of an Association Between Simian

Virus 40 and Malignancy
Susan Gross Fisher

Early in the 20th century endemic poliomyelitis gradually evolved into
the most devastating epidemic in the Western world. Striking improve-
ments in public health, ironically, were accompanied by more frequent
outbreaks of crippling poliomyelitis. By 1950, each new day brought
more polio victims, an increasing sense of crisis, and a greater need for
an effective therapy. In the United States mass vaccination for paralytic
polio began in 1955 with licensing of the Salk inactivated vaccine. It is
estimated that by 1960 90% of all persons under 20 years of age had
received at least one inoculation; a total of 98 million Americans had
been immunized (1). A sharp decline in disease incidence occurred and
the spread of this crippling infection was abated.

Amid this chronicle of success was the knowledge that numerous,
presumed harmless viruses had been recovered from the primary
monkey kidney cell cultures used for the efficient growth of polio virus
needed for mass vaccine production. However, in 1961 Eddy and col-
leagues (2) conducted the first investigations demonstrating the devel-
opment of tumors in 71% of newborn hamsters injected with polio
vaccine culture extracts. The tumors were identified as mesotheliomas,
ependymomas, osteogenic sarcomas, and lymphomas. Multiple other
investigators confirmed these initial findings (3–6). The oncogenic
property of the cell extract was later attributed to a double-stranded
DNA virus designated simian virus 40 (SV40), an indigenous pathogen
in the African green monkey (7). Diamandopoulos (3) provided com-
pelling evidence of the role of the virus by demonstrating that animals
inoculated with anti-SV40 serum demonstrated no tumor growth.
Important independent studies by Koprowski et al (8) showed that, in
fact, cultured human cells underwent transformation with SV40,
raising concerns about the possible consequences of human exposure
to this virus.

Simian virus 40 and the closely related human polyomaviruses BK
and Jamestown Canyon (JC) produce subclinical infection in immuno-
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competent natural hosts. The viruses typically reside in renal epithelial
cells, but can spread to other tissues and produce pathologic effects in
either immunocompromised hosts or, more importantly, in nonhost
species (9). Large-scale vaccine production in the United States neces-
sitated holding large numbers of caged juvenile monkeys for tissue
access, amplifying the probability of transmission of SV40 from
infected to nonimmune animals. The practice of pooling kidney tissue
from multiple animals during vaccine production increased the likeli-
hood of viral contamination of vaccine cultures. It is now well accepted
that at least 30% and perhaps as much as 70% of inactivated live vaccine
produced between 1955 and 1961 was contaminated with SV40 (10).
Although the U.S. government established SV40-free vaccine manu-
facturing requirements in 1961, contaminated vaccine continued to be
distributed through 1963.

Epidemiologic Investigations

Early United States Studies

No immediate, unexpected short-term consequences to polio vaccina-
tion were reported in a series of field trials involving live poliovirus.
Specifically, newborn and infant postvaccination studies were unre-
markable, and there were no reports of adverse fetal outcomes follow-
ing immunization of pregnant women (11). It appeared that exposure
to SV40 might be innocuous to humans; however, the tumorigenic
effect of the virus in animal models was worrisome. Concerns escalated
with additional clinical studies in humans that demonstrated the
ability of the virus to replicate, generate subclinical infection, and
spread through oral and respiratory routes, suggesting that transmis-
sion from polio vaccines to innumerable nonvaccinated, nonimmune
human contacts may be possible (12,13). Increasing questions spurred
some early epidemiologic investigations to more carefully examine this
potential threat to public health.

In 1963 Fraumeni and colleagues (14) conducted a study to identify
changes in cancer mortality within 4 years of the initiation of the mass-
immunization program. Annual mortality rates among persons less
than 25 years of age from 1950 to 1959 were examined. Using published
data from the Office of Vital Statistics, the trends over the decade in
mortality due to leukemia, selected sites of cancer (brain, kidney, and
connective tissue) and all cancers combined were examined. Only
minor fluctuations were detected in the age-specific mortality rates
from all cancers combined among persons less than 25 years old from
1955 to 1959; however, the leukemia mortality rates increased from 3.5
to 3.8 per 100,000 children ages 5 to 9, and from 2.2 to 2.5 per 100,000
in children ages 10 to 14. No significant changes in mortality for brain,
kidney, or connective tissue tumors were noted. Given the very short
latency period since vaccination (<5 years), it was unlikely that differ-
ences in patterns of mortality would occur.

In a second analysis these investigators included only children who
were 6 to 8 years old in 1955, since it was this birth cohort that was eli-
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gible for vaccination at the start of the program. In May and June of
that year only a small number of lots of vaccine were distributed to
each state, and specific records regarding the distribution and contam-
ination of those lots were available. Accessing that data, Fraumeni 
et al classified the states according to three levels of estimated per
capita dose of contaminated vaccine. A cohort analysis was conducted
to compare cancer-specific mortality over the 10-year period. Cause-
specific mortality data were available from death certificates filed with
National Vital Statistics Division of the U.S. Public Health Service
(USPHS); the population at risk was defined from age- and state-
specific census data available for 1950 and 1960. A comparison of 
cancer mortality rates among states grouped according to the distri-
bution of SV40 contaminated vaccine showed no change in patterns.
Rates of mortality were, in fact, higher among states receiving contam-
inated vaccine as compared to those not receiving contaminated
vaccine; however, this increase was noted before as well as after the
introduction of the vaccination program. The investigators concluded
that there was no evidence to suggest an increase in cancer mortality
related to SV40-contaminated vaccine distribution. In addition, the
authors reported that an increase in leukemia rates among 6- to 8-year-
olds receiving vaccine free of SV40 in 1956 occurred, suggesting that
the reported increase in mortality rate due to leukemia among those
less than 25 years of age was independent of contaminated vaccine dis-
tribution. To check for the presence of another leukemia-associated
agent in the vaccine, vaccine samples were sent to the Laboratory of
Viral Oncology, National Cancer Institute, and used for inoculation of
mice. After 10 months of observation, no laboratory animals displayed
any problems. The authors admit that their negative results are not sur-
prising. They point out that the SV40 exposure in previous animal
studies was of a far higher viral titer than that related to the vaccine;
that the laboratory animals were exposed as newborns, whereas in the
initial vaccination program only school-age children were exposed; and
that there was very short follow-up in this study. The investigators
emphasized the desirability of long-term studies with attention to those
vaccinated in infancy. Continued surveillance was recommended. In
addition, it is important to note that this was an ecologic study, i.e., no
person-specific observations were included in the analysis, thus no
information is available regarding the vaccination status of children
who actually died of cancer.

In an attempt to more specifically examine the risk of cancer among
individuals known to have received contaminated vaccine as new-
borns, Fraumeni et al (15) conducted an analysis of 1077 newborns who
were vaccinated between 1960 and 1962 at a single medical facility for
the purposes of assessing the induction of active immunity to polio
with the Sabin vaccine in the presence of maternal antibodies. Within
a few days of birth 925 infants in five treatment groups received atten-
uated oral polio vaccine; the sixth group was administered intramus-
cular injections of inactivated poliovirus vaccine. Independent of the
study purpose, the vaccines administered to each group had differing
titers of SV40. Later in infancy, booster injections were given to all chil-
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dren, which presumably also contained SV40. Beginning in 1964 
Fraumeni et al attempted to follow up this mostly black, highly mobile
1960 birth cohort. With 86% follow-up at 8 years, the investigators 
documented 11 deaths. This mortality rate was similar to that expected
in this population, and no difference in risk of death among vaccine
groups was observed. Of note, no deaths due to cancer were recorded.
The authors concluded that there was no effect on mortality noted
among newborns ingesting SV40 at a dose, which is carcinogenic in
hamsters when administered parenterally. This study used the Sabin
vaccine, whereas reported tumor growth in animals had been observed
with administration of the Salk vaccine. Follow-up was limited to 8
years, although surveillance of the study sample was to be maintained.

Mortimer and coworkers (16) followed the original Fraumeni cohort
of 1073 children born in the United States between 1960 and 1962 who
received either oral or inactivated vaccine within 3 days of birth. In
1977 to 1979 15 children had died, but no deaths were due to cancer;
one cancer death was expected. One girl developed a salivary tumor
of “low degree of malignancy.” No recurrence occurred after surgical
excision. With 87% follow-up for 19 years and the occurrence of only
one cancer, the study concluded no carcinogenic effect of SV40 in
humans. Given the difficulties of continuing follow-up, termination of
surveillance in this cohort was planned. However, due to the identifi-
cation of SV40 DNA fragments in some tumors from other studies, this
cohort follow-up was reactivated. An update of mortality with more
than 35 years of cohort follow-up was reported in 2001 by Carroll-
Pankhurst et al (17). Forty-four deaths were identified and for 41 of
these, death certificates were obtained. Four of the deaths were due to
cancer, two due to testicular tumors, and two to leukemia. All four of
the deceased subjects had received live, attenuated vaccine as new-
borns. The investigators noted that the increase in testicular cancer 
[relative risk (RR) = 37.9; p = .002] was particularly interesting since
SV40 antigens have been previously detected in seminal fluid (18). The
occurrence of death due to leukemia resulted in an RR of 2.62 (p = .16);
it is notable that hematologic malignancies developed in some of the
original laboratory animals injected with SV40. None of the other
suspect cancers, i.e., brain, osteogenic sarcoma, or mesotheliomas, were
documented to have occurred in this cohort. Given that death rates in
this cohort were similar to those expected in similar age, sex, and ethnic
groups, there was no suggestion that mortality was underreported.
While the follow-up of these subjects exceeded 35 years’ duration, the
number of expected malignancies for this small cohort was only 3.16,
resulting in inadequate power. In fact, the results of this study demon-
strate that a threefold increase in cancer risk among persons exposed
to SV40-contaminated vaccine as newborns is not incompatible with the
reported findings of this study.

In a review by Shah and Nathanson (19) published in 1976, the
authors add to the evidence related to the carcinogenic effect of SV40
by summarizing an unpublished presentation by Hammond (20) in
1966, who reported on 700,000 subjects, ages 32 to 91, who participated
in an American Cancer Society study in which they were questioned
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about their history of polio vaccination. In the next 2.5 years 24,000 of
these individuals were documented as dead (1962–64). About 25% of
the group reported having received one or more doses of vaccine, and
these subjects were compared to those who reportedly had received no
vaccine. No difference in incidence or type of cancer was detected. Shah
and Nathanson question the sensitivity of this investigation given the
age of the sample. However, they conclude, “The large numbers do
provide a fair degree of assurance that SV40 injections into adults 
produces no major untoward effect within 5–10 years.” Related to 
the question of cancer risk associated with administration of SV40-
contaminated vaccine, it would be unlikely to expect that a car-
cinogenic effect would be clinically apparent within such a short
follow-up. In addition, the rate of polio vaccination among older
persons, i.e., those at greatest risk of the occurrence of cancer or death,
was likely to be low. Therefore, the detection of a difference in these
rates associated with vaccination would be unexpected.

Heinonen and colleagues (21) conducted a study to examine the 
risk of malignancy among offspring of women immunized against
poliomyelitis and influenza or experiencing viral infections during
pregnancy. These data were drawn from a prospective, collaborative
study of etiologic factors in neurologic and sensory disorders in infancy
and childhood. There were 58,807 eligible pregnancies included in the
original study sample drawn from 12 U.S. hospitals from 1959 to 1965.
After exclusion criteria for this study were considered, 50,897 pregnant
women remained in the sample. During the prenatal period, monthly
assessments of immunizations, medications, viral infections, and x-ray
exposure were made. After delivery, infants were examined three times
in the first year of life. Cancer incidence was available during the first
year; only mortality and autopsy information was available in years 2
through 4. Prior to their fourth birthday, 24 children developed malig-
nancy; eight were diagnosed with neural tumors, eight developed
leukemia, six had renal tumors, one infant had a granulosa cell tumor,
and one infant had a hepatoblastoma. In 14 of the 24 malignancies
(seven of eight neural tumors), the mothers had received the polio
vaccine (7.6 versus 3.1 per 10,000; p < .05), yielding an RR of 2.4. The
difference in rates of neural tumors among infants whose mothers were
vaccinated as compared to those whose mothers did not receive the
polio vaccine during pregnancy was statistically significant (p = .01).
Risk of cancer appeared to be higher when vaccination occurred in the
early months of pregnancy. No malignancies were documented among
the 3056 infants whose mothers received oral polio vaccine during
pregnancy. Race, birth order, mean maternal age, frequency of mater-
nal exposure to abdominal or pelvic radiation, and drug exposures
were similar between the two groups. These data suggest that injec-
tions of killed polio vaccine in pregnant mothers were associated with
malignancies and tumors of neural origin, in particular, in offspring
born between 1959 and 1966. This study provides no information
regarding vaccination of children after birth. The authors correctly
emphasized that the reported findings may have occurred by chance
or may have been due to confounding. While the authors concluded
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that the present data “suggest” an association between killed polio
vaccine in pregnant women and malignancies in their offspring, they
almost dismiss the findings, stating that since no other evidence of
increased childhood cancer mortality rates in the latter part of the 
1950s has been revealed, it is “unlikely that killed polio vaccine had 
a discernible impact from a public health point of view on the risk of
cancer in early childhood.” The investigators are quick to point out that
“polio immunization virtually eradicated a crippling and frequently
lethal disease.” This statement is correct but somewhat irrelevant to 
the scientific question being investigated in this and other similar
studies.

International Studies

Although the U.S. immunization program had the greatest scope, many
other countries had launched polio vaccination programs; several of
these were initiated using U.S.-produced, i.e., contaminated, vaccine.
Between 1958 and 1967, Innis (22) studied 816 Australian hospitalized
children with malignancy and the same number of hospital controls
matched for age and gender. Although the rates of other routine child-
hood immunizations were similar between the two groups, a signifi-
cantly greater number of cases over 1 year of age (n = 618; 87.5%) than
controls (n = 569; 80.6%) had been vaccinated for poliomyelitis, sug-
gesting an association between malignancy and polio vaccine admin-
istration (odds ratio = 1.69, p < .001). The investigator raised questions
regarding the comparability of the controls to the cases, given that there
was a higher proportion of city dwellers among the controls (but this
should bias in favor of the cases). The authors suggest continued sur-
veillance based on these positive findings; however, no additional find-
ings have appeared in the literature.

Olin and Giesecke (23) examined cancer incidence rates in Sweden
where vaccination of preschool and school-age children began in 1957
using U.S.-produced vaccine. Approximately 70% of children born
between 1946 and 1949 and 59% of those born between 1950 and 1953
were vaccinated with potentially contaminated vaccine. Age-adjusted
incidence rates of cancer were reported for 5-year intervals from 1960
through 1990. Although age-standardized incidence rates among boys
had increased for brain cancers, but not ependymomas, and mesothe-
liomas, no association with polio vaccination in children ages 4 to 11
was detected.

Using the National Cancer Registry of the German Democratic
Republic, Geissler (24) conducted a large study with significantly
longer follow-up than those previously described. The author com-
pared cancer rates among the 885,783 children born between 1959 
and 1961, 86% of whom received presumably contaminated Sabin live
vaccine beginning in 1960, and 891,321 persons born between 1962 and
1964, most of whom were inoculated with vaccine free of SV40. With
22 years of follow-up, these researchers reported a cancer incidence of
28.7/10,000 among those receiving contaminated vaccine as compared
to 30.1/10,000 among those receiving SV40-free vaccine. These inves-
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tigators did report detection of SV40-like DNA in several astrocytomas
and meningiomas, and the frequency of some intracranial tumors was
greater in those exposed to contaminated vaccine. Several questions
remain in the interpretation of these data, since for many analyses 
site-specific rates of malignancy are not presented, only frequencies 
of incident cancer events.

Recent U.S. Epidemiologic Investigations

With new molecular technologies, the early 1990s brought a growing
body of laboratory studies reporting the detection of SV40 DNA in
mesotheliomas as well as other types of tumors. Although not all
studies supported the association between SV40 and cancer, mounting
evidence stimulated additional epidemiologic investigations. With the
passage of 40 years since the polio vaccination program was initiated
in the United States, and the maturation of a population-based cancer
registry in the United States, the time was ripe to reassess the available
data using an epidemiologic approach.

The Surveillance, Epidemiology, and End Results (SEER) Program
provides population-based, tumor-specific data on all histologically
proven cancers occurring in selected geographic sites in the United
States. The sample includes approximately 12% of the entire U.S. pop-
ulation and reflects the general characteristics of U.S. residents. All
reportable diagnoses of invasive cancer occurring each year since 1973
among residents of the coverage area are included in this database. The
consistency, scope, and quality of the SEER system provide an excel-
lent tool for comparing cancer incidence in the United States from 1973.
Overinclusion of some minorities and exclusion of many geographic
areas, however, may affect type-specific cancer rates depending on the
genetic, personal, and environmental risk factors specific to each type.

Strickler and colleagues (25) conducted an ecologic study to examine
trends in cancer incidence and mortality related to distribution of the
polio vaccine in the United States. These investigators accessed inci-
dence data from SEER and the Connecticut Cancer Registry as well 
as U.S. mortality rates. Strickler et al compared age-specific incidence
rates of ependymoma, osteogenic sarcoma, and mesothelioma in two
birth cohorts likely to have received contaminated vaccine and an
unexposed birth cohort. Persons born in 1947 through 1952 composed
the cohort of persons likely to have been exposed to SV40-containing
polio vaccine as children, while a second cohort born between 1956 
and 1962 was considered likely to be exposed during infancy. The un-
exposed group was defined as persons born in 1964 through 1969.
Poisson regression was employed to assess whether the age-specific
incidence rates varied according to birth cohort. These investigators
reported no statistically significant increase in cancer incidence rates
among children likely to have received SV40-contaminated polio
vaccine more than 35 years ago. There was also no association reported
between brain cancer mortality and polio vaccination. The authors,
therefore, concluded, “After millions of Americans were parenterally
exposed as infants or children, the absence of a discernible effect in our
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study adds to the evidence that no relation exists between exposure to
SV40-contaminated vaccine and the development of cancer.”

As shown in Table 18.1, the SEER database only completely captures
tumors occurring during ages 26 to 41 years, 17 to 31 years, and 9 to
24 years in the childhood-exposed, infant-exposed, and unexposed
cohorts, respectively, as defined in the study by Strickler et al (25). In
fact, for the critical comparison of the childhood-exposed and unex-
posed cohorts, there is literally not one year of age in which both
cohorts are completely represented in the SEER data. The accuracy of
statistical conclusions drawn from mathematical models generated
from data in which the age distribution of subjects within comparison
groups is not overlapping is of serious concern, particularly when the
three cancers of interest are highly correlated with age. The data upon
which Strickler and colleagues’ analysis is based provides inadequate
power, and the statistical techniques employed may not represent an
optimal assessment of risk in these populations. Hypothesis testing
should be conducted only in situations in which the study design
allows for comparisons of two comparable samples in which bias is
minimized and power is adequate to appropriately answer the scien-
tific question.

Fisher and colleagues (26) also examined trends in overall cancer
incidence and the occurrence of the specific tumors linked to SV40 from
1973 to 1993 using the data from SEER. Increases in age-adjusted inci-
dence rates across the 20 years were observed for all sites combined
(11.5%) even after exclusion of breast and prostate cancers, which 
have increased in part due to significant increases in screening. The
incidence also increased over time for ependymomas/choroids plexus
tumors (25%), other brain tumors (23%), other bone tumors (22.9%),
and mesotheliomas (90%). Rates of osteosarcoma over the 20 years
remained relatively stable with an increase of only 2.4%. A multitude
of host and environmental factors may account for these increases, as
well as period-specific changes in cancer diagnosis, disease classifica-
tion, and cancer reporting policies.

A more specific comparison of birth cohorts selected as likely to have
received contaminated polio vaccine (1955–1959) and having very low
probability of SV40 exposure by polio vaccination (1963–1967) was also
conducted. These years were selected in order to maximize the simi-
larities of age between the two cohorts while avoiding misclassification
related to exposure to contaminated vaccine. As shown in Table 18.2,
the only ages for which both cohorts are reflected in totality in SEER
are ages 18 to 26 (shaded areas). Given that these tumors are less
common and that the overlap of age-specific incidence rates in SEER
for the two cohorts is limited to these age groups, statistical modeling
was not considered to be an appropriate approach for analysis. Since
the data reflect only a 9-year age span with similar distribution between
cohorts, age adjustment was less of a concern. Table 18.3 provides the
average annual incidence rates of specific cancers for 18- to 26-year-
olds for each birth cohort. The cancer incidence rate in the exposed
cohort is 11% lower than that in the unexposed cohort. This is likely to
be due in part to improved reporting over time. In contrast, despite the
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small number of cases for some specific tumor types, the risk ratios
reflect a 20% increase in the risk of ependymomas/choroids plexus
tumors in the exposed cohort as compared to the unexposed cohort,
while the risk of other brain tumors is higher among the unexposed
group. The relative risks for osteogenic sarcoma and other bone malig-
nancies are also increased in the exposed as compared to the unexposed
cohort. As shown in Table 18.3, the 95% confidence intervals for each
of these risk estimates cross 1.0, reflecting no statistically significant dif-
ference in risk between groups. Given the age of these cohorts any
occurrence of mesothelioma would be unlikely; however, eight cases
were documented in this analysis, six from the exposed cohort and two
from the unexposed cohort, resulting in a relative risk that differed sig-
nificantly from unity [RR = 2.78; 95% confidence interval (CI) = 1.02,
6.06].

Although the incidence rates of ependymoma/choroids plexus
tumors, osteogenic sarcoma, other bone tumors, and mesotheliomas
appear higher among the exposed group, the numbers of cases are very
small, resulting in extremely limited power to detect a difference in
rates if such a difference does exist. Also of importance, a persistent
problem inherent in the use of birth cohorts for cancer epidemiologic
studies is the period effect of improved reporting of cancer events,
increased screening, and more sensitive diagnosis. In this study the
period effect may artificially inflate the incidence rates in the unex-
posed cohort, thereby biasing the risk ratio toward unity. Table 18.3 pre-
sents an adjusted relative risk for each tumor type, which accounts for
the 13% increase in overall cancer rates in this specific age group over
the 20-year period. These adjusted rates suggest that the risk of ependy-
moma, osteogenic sarcoma, and mesothelioma in the cohort potentially
exposed to contaminated vaccine may be increased as much as 37%,
26%, and 220%, respectively. Similarly, any confirmed increases in inci-
dence within the exposed cohort may be due to innumerable factors
other than SV40. Therefore, based on this analysis no definitive con-
clusions can be drawn. The descriptive data suggest that while the
attributable risk of SV40 is not likely to be large, further investigation
of this association is warranted. In particular, the increase in mesothe-
lioma, although based on extremely small numbers, warrants careful
investigation using methods that ensure adequate power to detect an
association if, in fact, one truly exists.

Most recently, a report examining the trends in U.S. pleural mesothe-
lioma incidence rates following SV40 contamination of early vaccines
was released (27). The most well-established risk factor for mesothe-
lioma is asbestos exposure; however, in 20% to 50% of cases of the
disease asbestos exposure is not documented, particularly among
females. This is a particularly interesting analysis because the authors
attempt to carefully examine pleural mesothelioma incidence trends
among adults in various age groups in relation to the probability of
their exposure to potentially contaminated vaccine between 1955 and
1961. These investigators provide estimates of likely exposure by age
group from data drawn from the national household sample surveys
that were conducted annually by the Bureau of the Census. As part of
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these surveys, participation in the nationwide inoculation program was
monitored. Since survey data were not available for individuals older
than 59 years, the rates for the 60- to 70-year age group were estimated
based on the trend in lower age groups. These estimates of inoculation
rates have not been previously published and provide a good frame-
work for study of this difficult question. This study reports that the
rates of mesothelioma have increased on average 3.25% (95% CI = 2.41,
4.09) per year from 1975 through 1997 in males and, similarly, an
increase of 2.99% (95% CI = 1.92, 4.08) among females. The authors
point out that mesothelioma overall is a rare cancer and that the public
health impact of such increases is small. This increase, however, is dis-
appointing given that asbestos exposure has clearly been known for
many years to be a significant factor in the development of mesothe-
lioma, and much has been done to decrease this exposure. It is possi-
ble that it is too early to see decreasing trends in this disease, but one
would anticipate that rates should be decreasing in the very near
future. Price (28) points out that there was significant growth in the use
of asbestos in the 1930s, and peaked in 1950 where it remained until
1970 when it declined precipitously. Workers born after 1929 have 
experienced fewer years of exposure at peak asbestos consumption
levels. In addition, for those born after 1929, the Occupational Safety
and Health Administration reduced its permissible exposure limit four
times since 1971, and the Environmental Protection Agency (EPA)
restricted use of asbestos in building construction and imposed work
practices for building demolitions. In fact, the potential for asbestos
exposure is relatively low compared to historical worker exposures.

Strickler and colleagues (27) point out that while mesothelioma inci-
dence rates in age groups most heavily exposed to SV40-contaminated
polio vaccine remained stable or decreased from 1975 through 1997,
increases in mesothelioma occurred in the older age groups that had
only a small likelihood of receiving contaminated vaccine. These age
group trends are likely to reflect the potential high exposure to
asbestos, which peaked in 1950 when these individuals would have
been in the midst of occupational exposure. One may ask, however, if
there is no effect of SV40 on mesothelioma rates, then why have the
rates among the younger cohorts not dropped more dramatically;
perhaps these rates should have decreased by approximately 70%
given the authors, estimate of a 60% to 80% disease rate attributable to
asbestos. Interestingly, although numbers are small and imprecise, no
decreases are noted in younger women, 45 to 65 years of age, in whom
the issue of asbestos exposure is likely to be moot. Given the lack of
actual descriptive data, including number of cases analyzed by age and
gender in this study, it is difficult to interpret. One consideration is very
important: given the relatively low prevalence of mesothelioma in men
age >85 in the United States, even an extremely large increase in the
relative risk of mesothelioma due to SV40 exposure would result in
only a small absolute change in rate of disease. The change in incidence
of 3.5/100,000 in 1974 (from Fig. 2B) to that of 14/100,000 in 1996–1999
represents a fourfold increase in risk among men over the age of 85.
Based on Table 18.1, Strickler et al estimate that a man who is 85 in
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1996, and thus would have been 50 years of age in 1961, had more than
a 25% chance of being exposed to SV40 vaccine. Therefore, for every
100,000 men over the age of 85 in 1996 we can expect that 25,000 of
them were exposed. If all 10/100,000 additional cases of mesothelioma
occurring in 1996 are attributable to SV40 exposure, the incidence
among SV40-exposed males would be 40/100,000, representing a
greater than 10-fold increase in risk. Given that the data as presented
in this study are potentially consistent with this magnitude of risk
attributable to SV40, this study provides evidence that may be con-
sidered to support the possibility of an important carcinogenic effect
associated with SV40, as has been suggested by laboratory findings to
date.

Summary

In a report released by the Institute of Medicine in October 2002, it was
concluded that emerging biologic evidence suggests that SV40 expo-
sure could lead to cancer in humans under natural conditions (29). “The
principal lines of evidence are based on in vitro and animal studies that
demonstrate that SV40 acts in ways consistent with tumorigenesis 
and that DNA sequences consistent with SV40 have been detected in
several types of human tumors.” The institute emphasized, however,
that the detection of SV40 in tumors does not, by itself, demonstrate a causal
relationship. Simian virus 40 could merely be a passenger virus. The
institute emphasized that, to date, the epidemiologic investigations
were sufficiently flawed such that the evidence was inadequate to draw
conclusions regarding the role of SV40 in the development of human
cancer.

Future epidemiologic investigations of the association between 
SV40 and malignancy will require access to cancer incidence data 
from larger, age-matched samples in order to achieve adequate power
for drawing conclusions. Analytic approaches, either case-control or
cohort designs, require feasible methods of exposure classification in
order to overcome the inherent limitations of the ecologic designs that
have been used to date. Recall bias, inaccessibility of medical records,
inadequate personal health documentation, lack of information regard-
ing viral contamination of vaccine lots, and limited ease of antibody
testing are just some of the obstacles to be overcome in the conduct of
these studies. Studies specific to mesothelioma are greatly disadvan-
taged due to the rarity of the tumors and the resulting imprecision of
risk estimates. In addition, the fact that the disease is extremely rare
before the age of 60 suggests that it remains too early to assess the 
ultimate impact of SV40 exposure on this disease entity.

Although the public health impact of a role of SV40 in the develop-
ment of mesothelioma would be relatively small, a similar association
in more common cancers such as non-Hodgkin’s lymphoma would
represent a significant risk to public health. Regardless of incidence,
however, the greatest progress in the field of research on SV40 and
malignancy has occurred with mesothelioma; studies examining the
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potential of SV40 as a therapeutic target in this tumor are already 
under way. As progress continues in the laboratory, it is critical that
further epidemiologic research be undertaken. Creative strategies 
are critical to provide a better understanding of the role of SV40 in
malignancy.
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19
Causes and Prevention of Technical

Artifacts When Studying Simian
Virus 40 (SV40) in Human

Mesotheliomas
Marc Ramael

Introduction to the SV40 Genome, SV40 Early Proteins
Large Tumor (T)-Antigen and Small Tumor (t)-Antigen

Simian virus (SV40) was discovered as one of the viruses capable of
infecting Macacus rhesus as well as Macacus cynomolgus monkey
kidney cells (1). It also had the possibility to infect and to transform
human cells grown in vitro. Simian virus 40 is a DNA tumor virus that
not only induces tumors in rodents but also is capable of immortaliz-
ing human mesothelial cells in vitro. Except for a report demonstrat-
ing SV40 in one metastatic melanoma, SV40 was not considered to be
oncogenic in humans (2). Simian virus 40 DNA has been found in
several human tumors such as choroid plexus tumors, osteosarcomas,
malignant mesotheliomas, and lymphoproliferative diseases such as
non-Hodgkin’s lymphomas (3–5). The role of the SV40 virus in human
tumors has been extensively discussed in several excellent reviews
(4,6,7).

Simian virus 40 is a double-stranded DNA virus whose genome
encodes two tumor (T)-antigens known as large T-antigen and small t-
antigen. Replication of the double-stranded DNA genome occurs in the
nucleus of the host cell. Transcription of the genome is carried out by
host cell RNA polymerase II, and large T-antigen plays a major role in
regulating transcription of the viral genome by binding to the origin
region of the viral genome. Protein–protein interactions between T-
antigen and DNA polymerase alpha directly stimulate replication of
the viral genome. Small t-antigen is not essential for virus replication
but allows viral DNA to accumulate in the nucleus. Both proteins
contain nuclear localization signals, which results in their accumula-
tion in the nucleus, where they migrate after being synthesized in 
the cytoplasm. After infection, early messenger RNAs (mRNAs) are
expressed from the early promoter, which contains a strong transcrip-
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tion enhancer element consisting of 72 base pair (bp) sequence repeats.
The early proteins synthesized are the two T-antigens, large T- and
small t-antigen. As the concentration of large T-antigen builds up in the
nucleus, transcription of the early genes is repressed by direct binding
of the protein to the origin region of the virus genome. After DNA repli-
cation has occurred, transcription of late genes occurs from the late pro-
moter and results in the production of the structural proteins VP1, VP2,
and VP3.

The early region of SV40 codes for the 94-kd nuclear large T-antigen
(Tag) and the 21-kd small t-antigen (tag), which are responsible for the
transforming and oncogenic properties of the virus. The mechanisms
by which both proteins induce these events have been studied exten-
sively. The key event is inactivation of the gene products of several
tumor suppressor genes such as p53 and RB, which normally inhibit
cellular growth (8). Tag can bind and inactivate p53 protein and p107
retinoblastoma protein in malignant mesothelioma (9,10). Tag also
exhibits adenosine triphosphatase (ATPase) and helicase activity, the
latter of which may contribute to chromosomal breakage and recom-
bination (11). Small t-antigen will enhance the stimulatory effect of 
Tag on cell proliferation by inhibiting cellular phosphatase 2A, thus
inducing the mitogen-activated protein (MAP) kinase cascade and cell
proliferation (12). This leads to a powerful combination of loss of cell
cycle regulation and marked genomic instability responsible for SV40-
induced cell transformation and immortalization (13).

Small t-antigen might play a key role in the development of mesothe-
lioma as tag SV40 DNA mutant viruses are not able to induce mesothe-
lioma when injected intrapleurally in hamsters in contrast to wild-type
SV40 (14,15). Virtually all animals injected intrapleurally with the wild-
type SV40 died of mesothelioma at 4 to 6 months.

Detection of SV40 DNA in Tissues and Cells by
Polymerase Chain Reaction

Methodology for Detection of SV40 DNA

Experimental work suggested that SV40 could cause mesotheliomas.
Syrian hamsters injected with SV40 wild-type virus developed malig-
nant tumors such as true histiocytic lymphomas, sarcomas, and meso-
theliomas according to the site of injection (15). The SV40 mutant virus
that lacked the gene sequence for tag was not able to induce malig-
nant mesothelioma but initiated only the growth of true histiocytic 
lymphomas or sarcomas (14). In vitro experiments suggest that human
mesothelial cells are unusually susceptible to SV40-mediated transfor-
mation and asbestos co-carcinogenicity (16). The experimental findings
in hamsters prompted Carbone et al (17) to investigate human
mesothelial tumor tissue for the presence of SV40. The presence of SV40
DNA in 29 of 48 mesotheliomas was found using polymerase chain
reaction (PCR) with several primer sets PYV.for/PYV.rev and SV.for3/
SV.rev. These findings were confirmed by sequencing and blotting
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experiments. Carbone et al were able to prove that the viral DNA was
actively transcribed and translated to viral Tag. Immunohistochemistry
carried out on frozen sections as well as immunoprecipitation assays
with the mouse monoclonal antibody Pab419 confirmed the presence
of viral Tag.

Most studies dealing with the detection of SV40 DNA now describe
the use of PCR or a PCR-based assay as the gold standard. The PCR
technique described by Bergsagel and coworkers (3) for detection of
the SV40 DNA in ependymomas and choroid plexus has become the
method used by most research groups. The DNA of the tumor sample
is extracted, purified, and amplified with specific beta-globin primers
AG1 and AG-2 for checking the integrity and amplifiability of the
extracted DNA. All specimens from which adequate DNA is extracted
are examined for viral sequences with the primers PYV.for and PYV.rev.
These primers amplify a conserved region of the Tag that is common
to the papovaviruses SV40 virus, BK, and Jamestown Canyon (JC) virus
resulting in an amplicon of 172bp. This region codes for the Rb, p107,
and the Rb2/p130 binding domain of Tag. When using this primer set
one only detects papovavirus, but since this primer set does not dis-
tinguish among BK, JC, and SV40, additional techniques such as South-
ern blotting have to be performed for demonstrating with certainty the
SV40 origin of the amplified PCR.

Probes specific for BK, JC, SV40 were used in a Southern blot tech-
nique to determine whether SV40 was present or whether the ampli-
con was derived from BK or JC virus. However, under some conditions
BK- and JC-specific probes were found to cross-react with SV40. To
resolve ambiguities regarding the cross-reactivities of specimens with
BK and JC DNA probes, one has to sequence the PCR amplicons. The
sequences of BK and JC virus contain an additional 9-bp insert in 
contrast to SV40, which lacks this 9-bp insert. If fresh tissue or frozen
tissue is available for analysis, one can use the primer set SV.for2 and
SV.rev amplifying a 574-bp region of the SV40 Tag gene.

The primers SV.for3 and SV.rev can be used to amplify a 105-bp frag-
ment of the SV40 that only partially overlaps the fragment amplified
with PYV.for and PYV.rev. The former set can be used easily for analy-
sis of paraffin-embedded, formalin-fixed tissues where the DNA is par-
tially degraded due to formalin fixation and subsequent processing.
Other primer sets such as SV5-SV6 result in amplicons of 169bp, while
TA1-TA2 amplify a segment of 441bp (Table 19.1).

Different positivity rates for SV40 DNA have been found in malig-
nant mesothelioma when using different primer sets. The wide vari-
ability in the detection rates may be partly explained by the relatively
small numbers of cases analyzed in each study. However, one must
take into account the differences in tissue quality, formalin-fixed tissue
versus fresh frozen samples, the differences in DNA extraction method,
the variability in PCR amplification and detection methods, as well as
the geographic differences.

The SV3.for and SV.rev primers amplified SV40 DNA in 90% of the
mesothelioma samples (18). The PYV.for and PYV.rev primers ampli-
fied SV40 in 70% of the DNAs, and the SV2.for-SV.rev primers ampli-
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fied SV40 DNA in 25% of the cases. The 7/8 primers for the carboxy
terminus of Tag amplified SV40 in 38% of the DNAs, important for
tissue specific replication of SV40 virus, and 52% showed amplification
of the regulatory region. In four cases analyzed this was found to be
similar to the situation in the hamster mesothelioma where two 72-bp
enhancer elements are present. Duplication of this 72bp seems to
confer a growth advantage to SV40-infected cells. The RA1 and RA2
primers specific for the regulatory region of SV40 amplified SV40 in
50% of the cases. Overall, 24 of 42 patients showed amplification with
all sets of primers. The identity of the PCR product was confirmed by
restriction enzyme digestion, Southern blot hybridization, and DNA
sequencing.

It remains unclear why different primer sets give different results.
Mutations and deletions occur in most viruses and also in SV40 virus.
Mutations at the 3¢ site where the primer has to bind can lead to mis-
priming with no resulting Taq polymerase activity and no production
of specific SV40 amplicon. However, mutations are unlikely to occur 
in Rb-pocket binding domain as this site is highly relevant for Tag-
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Table 19.1. Frequently used primer sets for
SV40 DNA detection by polymerase chain 
reaction
Primer pair Amplicon (base pair) Position

PYV.for 172 4402–4425
PYV.ref

R1 315 266–5195
R2

RA1 242 266–5195
RA2

RA3 413 358–5119
RA4

SV1 574 Not specified
SV2

SV.for2 574 4945–4372
SV.rev

SV.for3 105 4372–4476
SV.rev

SV5 169 4402–4570
SV6

SV8 289 2548–2821
SV9

T3 338 Not specified
T4

TA1 441 2630–3070
TA2

C-terminus 329 2573–2902



mediated cell transformation. According to this hypothesis, the primer
set specific for the Rb-pocket, SV3.for/SV.rev would be expected to
give the highest positive results (18,19).

There is little known about the state and nature of the SV40 genome
in tumoral cells. The infective viral state of the SV40 genome has so far
been isolated from only one choroid plexus tumor (20). In the majority
of investigated tumors in this series the SV40 DNA was predominantly
present in its full-length episomal state. The same was true of the viral
DNA associated with osteosarcomas (21). In the brain tumor study, each
tumor appeared to be associated with a single homogeneous viral DNA
species defined by its unique sequence related to the variable domain
(the last 87 amino acids, 622 to 708) of the C-terminus of Tag. The pos-
sible integrated state of the virus has been suggested in three of 69
human papillary thyroid carcinomas and in five of 10 osteosarcomas
(22,23). Integration of the SV40 genome into the DNA of the host results
in opening of the circular SV40 genome and leads to a linearized SV40
genome. This can lead to disruption of certain genes not only from the
host but also of viral genes. It may end in the total loss of viral genes.
This phenomenon has also been described for cervical carcinoma–
associated oncogenic human papillomavirus (HPV) 16 where integra-
tion leads to changes or even loss of the L1 region, resulting in 
negative PCR results for primers detecting sequences in the L1 region.
In contrast, the E6 and E7 regions coding for the oncogenic proteins E6
and E7 remain highly conserved throughout the complete multistep
carcinogenesis from dysplasia to frankly malignant and invasive cer-
vical carcinoma (24). It is also noteworthy that different HPV primer
sets also give different rates of positivity for a given sample (25). Those
primers that amplify smaller segments are found to give a higher pos-
itive yield in contrast to those amplifying larger segments. Primer sets
detecting sequences in highly conserved regions of HPV such as the 
E6 and E7 genes also give higher yields than those situated in other
regions such as the L1 region known to be less conserved during the
carcinogenesis proces. It is very remarkable and maybe also similar to
SV40 that in very early lesions the HPV genome is present in the epi-
somal form and that when integration of the genome occurs the lesion
starts further to evolve into high-grade dysplasia and invasive frankly
malignancy. When applying these findings on the SV40 situation, one
can readily appreciate why some SV40 primer sets give different pos-
itivity rates as some regions, especially the Rb-binding pocket, remain
highly conserved while others may be lost during the multistep car-
cinogenesis process. It is also understandable that primer sets that
amplify smaller segments will yield a higher positivity rate than those
that amplify larger segments. One has to bear in mind that some
primers can amplify also Tag sequences from other papovaviruses, and
even Southern blot techniques with specific probes may not always be
sufficient to discern the SV40 Rb-binding pocket from other papova
Tags. A likely candidate would be the Tag of the BK virus as this virus
has been found to be very ubiquitous in the human population.

The SV40 and BK tags are very similar, but a 9-bp insert facilitates
distinction. For this reason, sequencing is the preferred method when
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working with PYV.for-PYV.rev and SV3.for-SV.rev primer sets. One
cannot rule out with absolute certainty that the sequences detected do
not belong to a recombinant SV40-BK virus or another unknown virus.

In one study the presence of SV40 DNA was confirmed in 14 of 
25 malignant mesotheliomas using the novel Primed in situ (PRINS)
method on paraffin-embedded formalin-fixed tissue specimens (26).
The PRINS labeling method is based on a primer-mediated DNA syn-
thesis starting with the annealing of an oligonucleotide DNA primer
adjacent to the DNA region of interest. This oligonucleotide serves as
a primer for the DNA polymerase Taq polymerase incorporating the
four nucleotides dATP, dGTP, dUTP, and dCTP, of which the dUTP is
labeled with digoxigenin. The label can be visualized immunohisto-
chemically using alkaline phosphatase-bound antibody or peroxidase-
bound antibody. The application of the PRINS methodology has been
focused primarily on cytogenetics (27). This method can be applied on
paraffin-embedded formalin-fixed tissue sections (28).

The PRINS reactions were carried out with three separate primers,
PYV.rev, SV2.for and SV.rev, detecting a DNA sequence coding for the
viral tag of SV40. The latter is detecting a region (4425–4402) coding for
Tag, which is common to BK, JC, and SV40. The former two primers
are SV40 specific. The SV.rev primer is homologous to the 4399 to 4372
region and the SV2.for primer is identical to the region 4920 to 4945.
Both are located in the DNA sequence coding for the Tag but outside
the Rb-p107-Rb2/p130 binding domain.

Nuclear staining was found in 14 of the 25 investigated mesothe-
lioma tissue specimens using the PYV.rev primer in the PRINS method,
indicating the presence of SV40 or SV40-like DNA, as this primer also
recognizes a sequence identical to SV40, JC, and BK virus. A separate
PRINS reaction with the Sv2.for primer and Sv.rev primer, considered
to be specific for the SV40 virus, revealed a nuclear signal in all those
cases that tested positive with the PYV.rev primer. The percentage 
of positive cells varied considerably among different tumors. The 
percentage of positive neoplastic cells ranged from 2% in an epithelial
mesothelioma to nearly 100% in a mesenchymal mesothelioma (Figs.
19.1 and 19.2). Stromal elements such as blood vessels, adipocytes, and
inflammatory cells were found not to be positive. In all the cases that
tested positive for SV40 or SV40-like DNA, cytoplasmic and nuclear
immunoreactivity was found for tag with the monoclonal antibody
pAb280. The amount of immunoreactive cells was comparable to those
with nuclear signal for SV40-like DNA in a given sample. No nuclear
signal indicative for the presence of SV40 or SV40-like DNA or
immunoreactivity for tag with the monoclonal antibody Pab 280 was
found in those cases with nonneoplastic mesothelium or pleural carci-
noma metastasis.

Simian virus 40 DNA and expression of one of the viral proteins 
(tag) was found in approximately 60% of the investigated mesothe-
lioma cases, in contrast to nonneoplastic mesothelium and carcinoma 
metastasis, which were negative for both SV40 DNA and SV40 viral
antigens.
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Figure 19.1. Most nuclei of neoplastic mesothelial cells display nuclear stain-
ing for simian vacuolating virus (SV40) deoxyribonucleic acid (DNA) with the
primed in situ (PRINS) method in an epithelial mesothelioma (SV2 for primer)
using dextran polymer-peroxidase visualization.

Figure 19.2. Most nuclei of neoplastic mesothelial cells display nuclear stain-
ing for simian vacuolating virus (SV40) deoxyribonucleic acid (DNA) with the
primed in situ (PRINS) method in a mesenchymal mesothelioma (SV2 for
primer) using dextran polymer-peroxidase visualization.



These results suggest that SV40 DNA may be biologically active as
there was also immunoreactivity for SV40 antigen in those cases posi-
tive for SV40 DNA with the PRINS reaction.

Technical Concerns When Using PCR for SV40 Detection

Polymerase chain reaction contamination could result from the SV40
DNA itself or from plasmids containing various segments of the SV40
genome. It is very unlikely to assume that all reported positive results
would be the result of contamination by one or another source. Some
laboratories reporting positive results had never before worked with
SV40 or known laboratory SV40 strains and some cases displayed
several different mutations or deletions. One would not expect such
data when dealing with contamination, where always the same bands
or band would be found. Tag protein and mRNA were found in
mesothelioma, thereby making the possibility of PCR contamination by
exogenous SV40 DNA very unlikely.

In some cases, the sequences are from SV40 itself, as the virus could
be rescued or extensive sequencing confirmed the SV40 origin. For the
majority of cases, where extensive sequencing has not been carried 
out, it is better to use “SV40 like” instead of SV40. The possibility of a
recombinant SV40 cannot be ruled out with certainty, nor can the pos-
sibility of a human virus related to SV40 or even a cellular homologue
of Tag.

Specificity of PCR for SV40 Detection
The question of specificity of SV40 detection has been challenged on 
two grounds. The failure of Strickler et al (29) to detect SV40 DNA
in their paraffin-embedded samples has been used as an argument 
to consider SV40 positivity in mesothelioma specimens as a result 
of intra- or interlaboratory contamination. The possibility of cross-
contamination by exogenous SV40 to be high due to the long and widely
distributed usage of SV40 early region base vectors and gene constructs
was hypothesized (19). This criticism has been addressed by the experi-
ments of Testa and coworkers (30). They reported the conclusions of a
multilaboratory study they had directed following the recommendation
of the 1997 National Institutes of Health (NIH) conference and upon the
request of the International Mesothelioma Interest Group (IMIG). This
study included the laboratory of Michele Carbone, who had reported
positive findings for SV40 in mesotheliomas in the United States, and
that of Kaija Linnainmaa, who had reported negative findings in
mesotheliomas in Finland. The laboratory of Kalily, which specialized
in JC virus, was also involved in this study to confirm that the isolated
DNAs did not belong to other papovaviruses such as BK or JC virus.
The mesothelioma material was distributed to four independent labo-
ratories, three of which never had worked with SV40. The DNA was
extracted in one single independent center not previously exposed to
SV40. This study confirmed the presence of SV40 DNA and proteins in
10 of 12 (83%) mesotheliomas in the United States. The positive and neg-
ative controls yielded consistent results in all centers (30). High reliabil-
ity for SV40 detection was demonstrated by revealing SV40 positivity in
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U.S. mesothelioma specimens and absence of SV40 DNA in all investi-
gated Finnish specimens using a double-blind analysis approach (31).
To verify these results, Testa et al organized a second study where
blinded DNAs of 11 mesothelioma samples in the U.S. together with
nine mesothelioma specimens in Turkey were investigated. They found
four of 11 U.S. mesotheliomas to be positive for SV40 in contrast to
Turkish mesotheliomas, which were all negative for SV40. This discrep-
ancy in results between U.S. mesotheliomas on one side and Turkish as
well as Finnish mesotheliomas on the other side, suggested that SV40
prevalence can display regional differences. It is noteworthy that in con-
trast to the United States, Turkey started to administer polio vaccines in
the 1970s that are considered to be cleared of SV40. Whether these dif-
ferences can be solely attributed to SV40-contaminated polio vaccines
or other hitherto unknown factors remains to be determined.

The validity of the contamination theory was further investigated 
by screening coded DNA aliquots of 32 matched blood samples and
prostate biopsies for SV40 DNA by PCR (32). The SV40 DNA was found
in nine of 64 specimens and in 31 of 32 patients the prostate and blood
samples were completely concordant. The low level of SV40 DNA and
the nearly completely concordance is inconsistent with the possibility
of contamination. The found positivity was attributed to circulating
mononuclear cells in the blood rather than to malignant cells. This
underscores the importance of confirming positive PCR results by
other techniques, such as immunohistochemistry, in situ hybridization,
or microdissection before attributing SV40 to a certain tumor type.
Investigation of microdissected mesothelioma cells and nearby stromal
cells from the same paraffin section using PCR followed by sequenc-
ing displayed SV40 DNA in 57% of the mesothelioma samples. The
SV40 sequences were present in both the preinvasive and invasive com-
ponent of the tumor cells, which indicated that SV40 is present in the
early stages of the process. Microdissected cells from matched adjacent
lung tissue were negative for SV40 sequences (33).

One research group conducted its expriments with new mesothe-
lioma specimens in a separate laboratory in a new building where
experiments with viruses or plasmids had never been carried out (34).
The group was able to confirm its former results by demonstrating
SV40 regulatory sequences in 10 of 18 mesothelioma samples and SV40
Tag sequences in eight of 10 mesothelioma samples (34,35).

Another study confirmed the presence of SV40 DNA in eight of 12
malignant mesothelioma specimens but detected SV40 DNA only in 11
of 49 lymphoproliferative disorders (5). DNA extractions and PCR reac-
tions were carried out at the same time by the same investigators,
thereby ruling out the possibilities that either the technical procedure
used was not sufficiently sensitive to detect SV40 or the high percent-
age of SV40 DNA–positive mesotheliomas might be related to PCR
contamination (5).

Reproducibility of the PCR Reaction
The reproducibility of SV40 DNA detection by the PCR technique has
been challenged by Strickler and Mulatero. Studies conducted by Shah

M. Ramael 317



upon the request of Strickler and Goedert, failed to detect SV40 DNA
in any of the investigated mesothelioma specimens. However, this
study was completely based on paraffin-embedded material (Strickler
et al, 1997). A number of possibilities were formulated to account for
the possible negative data such as limited sensitivity and different tech-
nical approach. But it remains unclear why Shah’s analyses appear to
be at odds with those published by other groups. The author did not
use Southern blotting or filter hybridization techniques as confirmatory
technique after PCR amplification. In the study of Strickler, only four
cases were found positive after ethidium bromide staining of agarose
gels compared to 26 of 26 after filter hybridization in Carbone et al’s
study (17). In a new nine-laboratory multicenter investigation, none of
the selected normal human lung tissues and none of the 25 pleural
mesothelioma samples obtained from archival samples were repro-
ducibly positive for SV40 DNA (36). Eight laboratories used a PCR
assay and one laboratory used Southern blotting without prior PCR
amplification. Since several negative control samples gave positive
results for SV40 DNA in eight of nine laboratories, one might seriously
question the global outcome of this study. The negative results reported
by Shah’s team may have been caused by the limited sensitivity of the
used methodology. Apparently, Shah acknowledged under oath sensi-
tivity problems that raise concerns about the validity of the reported
findings (37).

Different methods used for DNA extraction may account for the 
variable detection rate since the spooling technique used for high-
quality DNA extraction from fresh tissue is not applicable to paraffin-
embedded, formalin-fixed tissue material. Pass and co-workers
stressed the advantage of DNA centrifugation at high speed after
phenol-chloroform extraction for efficient isolation of small molecular
weight DNA including episomal SV40 DNA. One must take into
account that some extraction techniques other than phenol-chloroform
extraction may result in less efficient recovery of viral DNA as
described for adenovirus DNA and cytomegalovirus DNA (38,39).
Additional differences, such as shorter protease digestion time for cul-
tured cells in contrast to cells in tissue blocks, intrinsic differences
between cells in culture and cells in tissue, may influence very strongly
the performance of the PCR assay for detecting SV40 DNA.

It is interesting to note that Strickler had used minute amounts of
DNA extracted from individual paraffin wax sections scraped off glass
slides. Estimating an average of 6pg of genomic DNA/diploid cell and
isolating 5000 cells out of one 5-mm-thick paraffin section, one can
assume that one can collect 30ng DNA. This means that approximately
20 to 25 sections are needed to have an optimal amount of DNA.

In contrast, Mulatero et al (40) had relied on antemortem diagnostic
biopsy material from which 200ng of extracted DNA was used per PCR
reaction instead of the more optimal amounts of 500 to 1000pg. The
findings of Strickler and Mulatero are in contradiction with the results
reported by Carbone and coworkers, who found SV40 DNA in 29 of 
48 (60%) mesothelioma tumor samples. However, Carbone and co-
workers found their PCR assay was able to detect 1 to 10 genome 
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copies per PCR reaction in contrast to Strickler, who found a lower sen-
sitivity level of only 10 to 100 SV40 copies with his technique. Carbone
et al used the same primer sets as Bergsagel, amplifying the Rb pocket
binding domain of Tag, which is the region that binds pRb, p107, and
p130/Rb2. Tag expression was detected by immunohistochemistry and
Western blot using the anti-Tag pAb 419, which is specific for SV40 Tag
and does not recognize Tags from BK and JC virus. Patients’ sera were
found to contain Tag antibodies. The finding of Tag-protein expression
in some human mesotheliomas further decreased the possibility of PCR
contamination by commonly used vectors containing SV40 sequences.
More than 20 independent research teams have confirmed world-
wide the presence of SV40 or SV40-like DNA in pleural malignant
mseothelioma (41).

Inadequate sampling can also be a source of negative results. The
tumoral component in biopsies can vary strongly in different biopsies
and among different patients resulting in different amounts of SV40
DNA. The amount of DNA recovered from open thoracotomy speci-
mens is much greater than the material obtained from fine-needle 
aspiration biopsy or true-cut biopsy (42). When working on paraffin-
embedded, formalin-fixed tissue biopsies, one must take into account
the influence of formalin fixation on the DNA, and the subsequent pro-
cessing. Formalin fixation induces strand breaks in the DNA, resulting
in fragmentation and DNA degradation and thus less amplifiable SV40
DNA. The degree of DNA degradation is dependent on the type of fix-
ative used and the duration of fixation (43). Generally speaking, one
might assume that amplifiability in these processed tissues is guaran-
teed up to 200 to 250bp. It is safe to use the SV.for3/SV.rev primer set
when analyzing paraffin-embedded formalin-fixed tissues for the pres-
ence of SV40 DNA. A major point of interest is that the integrity of the
DNA should always be confirmed by amplifying a genomic sequence,
e.g., beta-globin, thereby choosing the size of the amplicon so that it is
in the range of amplicon sizes obtained by the SV40-specific primers.
It may be possible to amplify larger segments by PCR using paraffin-
embedded, formalin-fixed tissues but results may be variable. When
comparing studies of different laboratories, one must bear in mind that
every pathology laboratory has its own fixatives and protocols for 
fixation, and that the tissue processing can be quite different from one
laboratory to another, and the PCR protocols can display huge differ-
ences in sensitivity for detecting SV40 DNA. This makes comparisons
between various laboratories as well as interlaboratory studies very
difficult especially when the work has been carried out on archival
patient material.

Immunohistochemical Demonstration of SV40

Viral Large T-antigen and Small t-Antigen

Tag is the gene product of the early gene of SV40. It is a protein of 
94kd. Tag binds DNA and complexes with the 53-kd protein p53, the
gene product of the p53 suppressor gene, which is also required for 
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initiation of viral DNA replication during lytic growth. In addition, Tag
binds DNA polymerase and the transcription factor AP-2 and forms a
specific complex with the p105 product of the retinoblastoma suppres-
sor gene.

The small T-antigen is a 19-kd protein found predominantly on the
cytoplasm of infected or transformed cells (44). This protein shares 82
amino acids at its amino terminus with Tag; the remaining 92 amino
acids are unique. The small T-antigen enhances the transforming capac-
ity of Tag by increasing the production of Tag, by contributing to the
inactivation of cellular p53, and by induction of AP-1, leading to
enhanced mitosis (12,13,45). Both antigens are encoded by the early
region of the SV40 genome.

Widely Used Antibodies to Large T- and Small t-Antigen

Pab419 (Ab-1) is a mouse monoclonal antibody with specificity for an
antigen localized to the amino terminal domain of the 94-kd SV40 Tag.
The sequences recognized by this reagent are also present on 21-kd
SV40 tag. Therefore, the antibody detects Tag as well as tag and will
stain SV40-infected cells. The use of the antibody is validated for
immunoprecipitation and immunofluorescence (46).

Pab416 (Ab-2) is a mouse monoclonal antibody with specificity for
antigenic determinants unique to the SV40 Tag and nonreactive with
SV40 tag. Clone Pab416 is derived by immunization with purified Tag
and fusion of mouse spleen cells with NS-1 mouse myeloma cells. This
antibody is reactive to an epitope situated in the N-terminal region. The
antibody is reactive by immunoprecipitation with the 94-kd SV40 Tag
and stains SV40-infected cells (46). Cross-reactivity has been noted with
BK virus Tag. The use of the antibody has been described for Western
blotting, immunoprecipitation, and immunofluorecence. Diffuse nuclear
staining is a characteristic staining pattern when using this antibody in
an immunohistochemical or immunofluorescent technique on frozen
tissue sections.

Pab101 is a mouse monoclonal antibody that is recognizing an
epitope situated on the SV40 Tag but does not cross-react with the 
21-kd SV40 tag. The antibody reacts with a denaturation-sensitive
determinant on Tag. It reacts with higher affinity than Pab100 but does
recognize a subclass of Tag that is also recognized by sera from mice
bearing SV40-induced tumors. The antibody precipitates Tag but not
tag (nor the smaller SV80 tag) from extracts of SV80 cells and SV40-
infected TC-7 cells (47,48). Punctuate nuclear staining is observed when
immunostaining SV40-infected cells by immunofluorescence but not
with BK-infected human cells.

Pab280 (Ab-3) is a mouse monoclonal antibody with specificity for
antigenic determinants unique to the SV40 tag and nonreactive with
SV40 Tag. Its binding site within the unique region of tag was localized
by studying its reaction within SV40 mutants, other papovaviruses,
and bacterial expression vectors coding for fragments of tag. The anti-
body was used to define the cellular localization of tag by immuno-
histochemistry and by immunoprecipitation of subcellular extracts of

320 Chapter 19 Causes and Prevention of Technical Artifacts



infected cells (49). Pab280 reacts strongly with a cytoplasmic form of
tag that appears to be associated with the cytoskeleton and is not
detected by antibodies directed to the common N-terminus of tag and
Tag (50). Clone Pab280 is derived by immunization of BALB/c mice
with tag and fusion of splenocytes with SP20/AG14 mouse myeloma
cells. Pab280 is reactive by immunoprecipitation and Western blotting
with the 21-kd SV40 tag. The SV40-infected cells are stained by
immunohistochemistry by the same antibody applied to frozen or
paraffin-embedded, formalin-fixed tissue sections.

Immunohistochemical Studies Detecting the SV40 Proteins

Most investigators have used monoclonal antibodies directed against
Tag. Using the mouse monoclonal antibody pAb419 on frozen sections
of human pleural malignant mesothelioma biopsies Carbone et al 
(9,17) demonstrated nuclear expression of the viral Tag in neoplastic
mesothelial cells in two separate series. The immunoreactivity was
restricted to the nucleus. Cytoplasmic immunoreactivity was not
noticed. Immunoreactivity in nonneoplastic elements such as stromal
cells or leukocytes was not found. In one of these series the immuno-
histochemical findings were confirmed by specific mRNA in situ
hybridization for Tag. A unique nuclear staining pattern with the 
monoclonal antibody was found by Orengo et al (51) in two SV40
DNA–positive newly established mesothelioma cell lines. The major-
ity of neoplastic cells (90%) were immunoreactive for Tag without 
cytoplasmic immunoreactivity. In contrast, Dhaene et al (52) found 
only cytoplasmic immunoreactivity in their SV40 DNA–positive fresh
frozen mesothelioma tissue biopsies and no nuclear immunoreactivity
with the Pab419.

Investigations with the Pab101 did not reveal any immunoreactivity
in the same mesothelioma cases. These negative results are not so 
surprising as this antibody is reactive to an antigenic site located at 
Tag that is very sensitive to denaturation (47,48). Similar results were
reported by Galateau-Salle et al (53), working on paraffin-embedded,
formalin-fixed mesothelioma tissue biopsies with the same Pab419
monoclonal antibody. One study describes the use of monoclonal 
antibodies Pab416 and Pab101 for detection of SV40 Tag in paraffin-
embedded, formalin-fixed cell block sections from pleural effusions of
32 malignant mesotheliomas. No immunoreactivity was found despite
strong staining of positive controls. The authors stated that the small
sample size in the cytology block sections, the low viral copy number
in infected cells, and the effects of formalin fixation were the reason for
their negative immunohistochemical investigation (54). Only cytoplas-
mic immunoreactivity for SV40 Tag was found in six mesothelioma cell
lines with the monoclonal antibodies Pab419 and Pab101 (55). The
authors hypothesized the presence of a contaminating 90-kd protein 
in the commercially available anti-Tag monoclonal antibodies Pab419
and Pab101, resulting in false-positive Western blotting results and
immunohistochemistry results. This 90-kd Tag–like protein appeared
to be an artifact caused by the incomplete separation of the heavy 
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(54kd) and light (25–30kd) chains of the antibody used in Pilatte’s
immunoprecipitations (40). When discussing the results in cell lines,
one must take into account that a cell line is a very restricted and
selected population of tumor cells, thereby raising the question of
whether a cell line is still representative, resembling genotypically and
fenotypically its tumor of origin. This question is very well illustrated
by the enigma of p53 protein overexpression in the thyroid cancer cell
line FTC133, which displays strong nuclear immunoreactivity for p53
protein when cultured in vitro, but when the same cultured cells are
grown in vivo as tumors in an immunodeficient host p53 protein,
immunoreactivity becomes very weak or undetectable (56). The find-
ings of Pilatte et al (55) do not invalidate the data of Carbone and
coworkers. One can state with certainty that their findings are not due
to a contaminating protein, as PCR and immunoprecipitation data in
this study were complemented by the immunodetection of Tag in the
nucleus and serologic detection of anti–T-antigen antibodies in the
patient sera. Immunoprecipitation experiments conducted by Pilatte et
al demonstrated that the contaminating protein did not prevent the
detection of Tag in cells that do overexpress this protein. Testa and
coworkers (30) observed in some mesothelioma cases cytoplasmic
staining with the Pab419 antibody but also nuclear punctuate staining
with the monoclonal antibodies Pab419 and Pab101 (Fig. 19.3). Several
monoclonal antibodies that react with SV40 Tag also react with proteins
found in uninfected and untransformed cells. The proteins were dif-
ferent from each other, e.g., Pab419 reacting with a 35-kd protein. It is
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Figure 19.3. Nuclear immunoreactivity for simian vacuolating virus 40 (SV40)
in an epithelial mesothelioma (frozen section) with the monoclonal antibody
Pab419 visualized with horseradish peroxidase and DAB as substrate.



suggested that although some of these cross-reactions may be fortu-
itous, they may, as an alternative, reflect similarities of shape and
perhaps function between domains of the viral Tag and the relevant
host proteins (57).

We found both cytoplasmic and nuclear immunoreactivity with the
Pab280 monoclonal antibody (Figs. 19.4 and 19.5). Immunohistochem-
istry revealed in approximately 60% of paraffin-embedded, formalin-
fixed mesothelioma biopsy tissues the presence of tag. These findings
were confirmed on the DNA level (26). The antibody is specific for tag
and is validated for use in paraffin-embedded, formalin-fixed tissues.
Small t-antigen has been found to be present in both the nucleus 
and the cytoplasm by this antibody. Pab280 reacts strongly with a 
cytoplasmic form of tag that appears to be associated with the cyto-
skeleton and is not detected by antibodies directed to the common 
N-terminus of tag and does not react with Tags. Immunoperoxidase
staining of cells infected by the SV40 defective strain SV402 with
Pab280 and other T-antibodies demonstrated that this virus produced
an N-terminal fragment of Tag as well as tag. In cells infected by the
virus, this fragment was located in the cell nucleus but was very 
unstable.
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Figure 19.4. Nuclear and cytoplasmic immunoreactivity for simian vacuo-
lating virus 40 (SV40) in an epithelial mesothelioma (paraffin-embedded, 
formalin-fixed tissue) with the monoclonal antibody Pab280 visualized with
peroxidase and DAB as substrate. Not all neoplastic mesothelial cells display
both nuclear and cytoplasmic immunoreactivity. The majority of neoplastic
cells are immunoreactive (insert).



Specificity of Antibodies and Effects of Fixation on Detection of
SV40 Proteins

When discussing the puzzling findings of immunohistochemistry for
SV40 antigens in malignant mesothelioma, most authors do not take
into account the specificity of the used monoclonal antibody. The
widely used Pab419 monoclonal antibody is not only reactive to epi-
topes situated at Tag but also detects tag. This latter protein is found
not only in the nucleus but also in the cytoplasm of infected and trans-
formed cells, thereby explaining the observed cytoplasmic immuno-
reactivity with this antibody (44,50).

Another point of consideration is that the use of this antibody has
been validated for immunohistochemistry only on frozen sections but
not for application on paraffin-embedded, formalin-fixed tissues.

Formalin as a cross-linking agent can alter epitopes by rendering
them less accessible to the antibody, thereby necessitating the use of
antigen retrieval methods. Failure to do this may result in false-
negative reports. When addressing the issue of immunoreactivity, one
has to take into account that some epitopes are not resistant to forma-
lin fixation, leading to prevention of specific binding to its antibody.
Application of the antibody on these fixed tissues can result in false-
negative findings. A similar situation has been found when addressing
the presence of the nuclear antigen p53 in nonneoplastic mesothelial
cells. Formalin fixed mesothelial cells do not display any immunore-
activity for p53 (58). In contrast, the same acetone fixed nonneoplastic
mesothelial cells display slight nuclear immunoreactivity with anti-
bodies directed against p53 (59). Application of antigen retrieval
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Figure 19.5. Nuclear and cytoplasmic immunoreactivity for simian vacuolat-
ing virus 40 (SV40) in a mesenchymal mesothelioma (paraffin-embedded, 
formalin-fixed tissue) with the monoclonal antibody Pab280 with peroxidase
and DAB as substrate.



methods, such as pressure cooking in a citrate buffer or a microwave
pretreatment in the same buffer, is mandatory when investigating 
the presence of nuclear antigens such as p53 or hormone receptors 
for estrogen and progesterone in paraffin-embedded, formalin-fixed
tissues. None of the described studies reporting negative findings for
SV40 protein in paraffin-embedded mesothelioma tissues addressed
this issue properly, thereby invalidating their discussion.

Another effect of prolonged formalin fixation is diffuse cytoplasmic
immunoreactivity for nuclear antigens. Cytoplasmic immunoreactivity
has also been described for other classic nuclear antigens such as 
c-myc, the cellular homologue of the v-myc antigen. Fixation times that
are longer than 60 to 120 minutes seem to influence the cellular local-
ization of nuclear proteins such as c-myc and result in cytoplasmic
immunoreactivity (60). This phenomenon has also been described for
c-fos and c-myc in paraffin-embedded, formalin-fixed tissue of pleural
malignant mesothelioma (61). It is very remarkable that the studies by
Carbone and Orego reporting solely nuclear immunoreactivity in neo-
plastic mesothelial cells use the same fixation protocol, e.g., short
acetone fixation followed by air drying. The studies reporting solely
cytoplasmic staining or no immunostaining describe another fixation
protocol, e.g., air drying for several hours to overnight followed by
acetone fixation. This difference in fixation protocol might be an expla-
nation for the conflicting and at first sight contradictory results
reported.

Not only are the antibody and the type of material used critical for
obtaining maximal sensitivity and specificity, but also the detection
system for revelation of the bound anti–large T-antibody is important.
Most research groups describe the use of a classic horseradish per-
oxidase linked streptavidin-biotin method (ABC method) (17,51,53).
However, some groups report the use of more sensitive systems such
as dextran polymers coated with alkaline phosphatase, resulting in
signal amplification, and the alkaline phosphatase–antialkaline phos-
phatase (APAAP) method or tyramine amplified immunohistochem-
istry (26,52,55). These facts also have to be kept in mind when
interpreting the results of the various immunohistochemical studies
reporting the presence of SV40 antigens in malignant mesothelioma.

Another important point is the use of adequate positive controls
when conducting state-of-the-art immunohistochemical surveys. Most
studies use SV40-infected or transformed cell lines such as SVEC4-10
or WI-26VA4 or mesothelial cells transfected with SV40. This approach
is, in my opinion, scientifically correct, but the positive control cells or
tissues have to be processed in the same way as the tissues and cells
that are under investigation. In my opinion acetone-fixed, SV40-posi-
tive control cells deposited on a glass slide are not adequate controls
for an immunohistochemical survey investigating paraffin-embedded,
formalin-fixed tissues. Appropriate negative controls have to be
included for validating the immunohistochemical procedure. Most
studies describe the omission of the first antibody and replacement 
by buffer solution. It is advisable to include a second negative control
per case where the primary antibody has been replaced by another 
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antibody of the same isotype, at the same concentration but directed
against an unrelated antigen normally not present (26,52).
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20
Molecular Detection of Siman 
Virus 40 in Human Mesothelioma
Bharat Jasani and Katie Ross

Simian virus 40 (SV40) is a polyomavirus of monkey origin. The natural
host for SV40 is the Asian macaque, particularly the rhesus (Macaca
mulatta). Simian virus 40 was discovered as an inadvertent contaminant
of some of the early batches (1955–1962) of the inactivated poliovirus
vaccine (IPV; Salk vaccine) and the live attenuated oral poliovirus
vaccine (OPV; Sabin vaccine) prepared in the United States in rhesus 
or cynomolgus monkey kidney cells. At about the same time the virus
was found to be oncogenic in baby hamsters, causing a select group of
tumors (ependymomas, osteosarcomas, lymphomas, and soft tissue sar-
comas) depending on the route of viral inoculation. It was also discov-
ered about the same time to be capable of transforming human cells (1).

The recognition of the cross-species oncogenic potential of the virus
prompted several epidemiologic investigations stretching over the
1960s and up to the late 1970s. Their aim was to search for any increase
in the incidence of tumors in cohorts inadvertently expected to have
had received contaminated poliovirus vaccines in the period 1955 to
1962. The results of these and several subsequent investigations have
largely proved inconclusive. This has been realized to be due to the 
difficulty of identifying individuals who were truly exposed to the 
contaminated vaccines, especially since not all batches were SV40 
contaminated and very few batches were tested for the contamination.
In addition, the level of contamination of individual batches and the
extent of their distribution across the United States were considered to
be highly uneven.

The interest in SV40 as a possible human viral carcinogen would
have completely waned but for the unexpected molecular findings in
the early 1990s of the groups led by Butel in Texas and Carbone in
Chicago. Butel’s group found SV40 large T-antigen (Tag) oncogene-like
DNA presence in human brain tumors (ependymomas and choroid
plexus tumors) when searching for equivalent BK virus (BKV) and
Jamestown Canyon virus (JCV) gene sequences using a conventional
polymerase chain reaction (PCR) technique (2). Similarly, Carbone 
and colleagues, when studying the capacity of SV40 to cause lympho-
mas in baby hamsters, by chance discovered SV40’s capacity to cause
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mesotheliomas in this animal model (3). Carbone et al (4) were
prompted by this finding to apply Butel et al’s technique to search for
SV40 Tag gene presence in human pleural mesothelioma and a set of
other tumors. They surprisingly found SV40 Tag DNA sequences in
~70% of human mesothelioma tumor samples and ~30% of osteosar-
comas, but none in a variety of other lung and nonlung tumors.

The findings of Butel’s group and Carbone’s group have been since
confirmed by several independent studies (1,5). In addition, more
recently the groups led by Butel (6) and Gazdar (7) have produced data
to suggest lymphomas to be the fourth major type of tumor showing
the presence of episomal SV40 oncogenic sequences. At the same time,
Carbone’s group (8) has also shown the capacity of the episomal form
of SV40 genome to infect human mesothelial cells in a semipermissive
mode and facilitate their transformation in the presence of asbestos.
The close correspondence observed between the spectrum of SV40
DNA-associated human tumors and the SV40-induced tumors in the
hamster model, combined with Carbone et al’s in vitro model findings,
have led Carbone et al to hypothesize that SV40 may play the role of
a co-carcinogen in the causation of human pleural mesothelioma and
other SV40-associated human tumors (8,9).

Rationale for SV40 Detection in Human Mesothelioma

The reported rate of detection of SV40 gene sequences in human
mesotheliomas has been found to vary from 0% to 90% (5). Demo-
graphic differences principally related to the rates of exposure to SV40
contaminant poliovirus vaccines may account for this variation (9).
Thus, mesotheliomas from the Turkish and Finnish population unex-
posed to the contaminated poliovirus vaccines have been recorded to
have 0% SV40 DNA association. This is in contrast to the SV40-positive
tumor rates of 40% to 90% recorded in parts of the United States and
Europe apparently exposed to significant levels of SV40-contaminated
IPV and OPV vaccines.

Preliminary reports have suggested morphologic and prognostic dif-
ferences between SV40-positive and SV40-negative mesotheliomas.
The Tag gene- and protein-specific sequences have also been examined
as suitable targets for developing SV40 antisense and cytotoxic T-cell
therapies, respectively, as well as anti-SV40 prophylactic vaccines.

The above overall findings have generated the need for a reliable
method for detection of SV40 in human tissue and tumors on a wide
scale for etiopathogenic, diagnostic, prognostic, and therapeutic assess-
ment of mesothelioma cases as well as for effective prophylactic vaccine
intervention.

Reliability of SV40 Detection

The reliability of molecular detection of SV40 in the context of human
mesotheliomas and other types of human tumors has been constrained
by essentially three confounding factors: the low SV40 copy number
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presence in the tumor tissue, the episomal status of the tumor-
associated SV40 genome, and the potential presence of homologous
BKV and JCV human polyomavirus gene sequences. This has necessi-
tated the adoption of methodologic approaches affording the highest
assay sensitivity and specificity at the stages of tissue DNA extraction,
polymerase chain reaction (PCR) amplification of the target gene
sequences, as well as amplicon product analysis.

For the mass screening of tissue material required for demographic
causal analysis and prophylactic vaccine testing and application, there
is a particular need for a robust, economical, and rapid throughput
technique. The latter considerations have led to increasing interest in
the adoption of the real-time PCR methodology in preference to the
conventional PCR approach.

Reliability of DNA Extraction

The tumor tissue available for analysis is usually a diagnostic biopsy,
which may vary in its amount and its composition in terms of the rela-
tive proportion of tumor cell content. Therefore, it is essential that the
tumor content and quality of the biopsy material included for PCR
analysis be assessed histologically in the top and bottom parts of the
tissue subjected to the DNA extraction procedure.

The efficiency and quality of DNA extraction depend on the quality
of the biopsy material. Thus, a freshly frozen sample usually affords
ready extraction of adequate quality and quantity of the target DNA,
while paraffin-embedded, formalin-fixed tissue requires a much more
vigorous effort.

Since the putative oncogenic form of SV40 genome in human
mesothelioma is considered to be episomal, it is essential that the DNA
extraction methods used are tailored for efficient extraction of episo-
mal-type small molecular weight DNA fragments of 500 to 5000 base
pair length.

Essentially two different types of DNAmethods are available: the con-
ventional phenol/chloroform-based organic solvent extraction method,
and the modern commercial molecular sieve- or charge separation-
based kits. Both these methods have to be preceded by the release of the
tissue-bound DNA using adequate proteinase K treatment, because
paraffin-embedded, formalin-fixed tissue sections may require as long
as 60 to 72 hours (or even longer) of enzyme digestion.

The phenol/chloroform method, though labor intensive, is con-
sidered to be the gold standard in that it is designed for total extractable
DNA regardless of size. The commercial kit methods, though affording
a rapid DNA extraction approach, are not wholly reliable for the extrac-
tion of low molecular DNA species. Whichever approach is adopted, it
is essential to ensure, by inclusion of appropriate standards, that the
desired small viral episomal type DNA of high molecular integrity is
efficiently extracted for optimal PCR amplification-based detection.

The reported DNA extraction methods and some of the quality
assessment measures are summarized in Table 20.6 and Table 20.7
(pages 341 and 342).
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Optimum Polymerase Chain Reaction Conditions

To allow efficient detection of low copy numbers of episomal SV40
associated with human mesotheliomas, it is essential that an adequate
amount of the extracted DNA is included in the final PCR mix (e.g.,
500 to 1000ng of DNA per PCR mix is recommended for optimal ampli-
fication efficiency).

The choice of the PCR primers and the amplification conditions 
is based on producing optimally detectable specific target sequence
amplification with the minimum number of PCR cycles, to avoid
adventitious amplification of any cross-reactive DNA species. Simi-
larly, replicate PCR is conducted on every sample to exclude spurious
false-positive results due to chance cross-contamination during tissue
sample DNA preparation and subsequent handling. A freshly opened
disposable knife should be used for section cutting from each tissue
block and discarded after it is used.

The reported conventional and real-time PCR methods used for the
detection of SV40 are summarized in Tables 20.1 to 20.9.

Optimum Polymerase Chain Reaction 
Product Detection

The amplicon product needs to be detected with methods affording the
highest objectivity, sensitivity, and specificity. Ethidium bromide–based
detection of the gel electrophoresis size-specific PCR product bands 
has been the most popular approach. However, it requires further 
confirmation of the specificity of the detected amplicon using either 
a Southern blot method or DNA sequence analysis.

The reported methods for the detection of SV40-specific PCR ampli-
con products are summarized in Tables 20.1 to 20.9.

Recommended Method

The PCR method developed by Carbone and colleagues has been 
recommended as the current gold standard by the multiinstitutional
trial (39). The full details of this method have been published by Rizzo
et al (40). The essential protocol is listed in the appendix (see below).

Critique of Molecular Detection of SV40

General Considerations

The development of a robust, reliable, and widely applicable molecu-
lar method for SV40 detection in human tissue has been necessitated
by the inherent incapacity of the current immunologic assays to 
distinguish SV40 from BKV and JCV. Although immunocytochemical
methods are available for in situ identification of SV40, the assay is not
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Table 20.4. Reported reaction conditions used in real-time PCR studies on SV40 detection
Reaction Conditions Cycling Parameters Reference

Semi-nested PCR: differentiation Semi-nested PCR: differentiation 31
30-mL reaction volume 94°C for 3min initial denaturation
5-mL template 94°C for 20s 30 cycles333-nM primer 53°C for 20s
50mM each dNTP 72°C for 5min final extension
1U platinum Taq polymerase
3mL 10¥ amplification buffer

Taqman round: quantitative for Taqman round: quantitative for 
human polyomaviruses human polyomaviruses

50-mL reaction volume 3-min initial denaturation
5-mL template 94°C for 25s 45 cycles200nM each primer 65°C for 50s
100-nM exonuclease probe
200mM each dNTP
5ml 10¥ amplification buffer
1mM ROX
2U platinum Taq polymerase

10-mL extracted DNA template 50°C for 2min 32
0.2-mM primer or 0.2-mM SYBR green dye 95°C for 12min
200mM each dNTP 95°C for 15s 50 cycles10mM Tris HCl pH 8.0 55°C for 30s
50mM KCl
4mM MgCl2

5U Amplitag gold DNA polymerase

25-mL reaction volume Cycling parameters not detailed 33
100ng DNA template
900-nM primers
SYBR green PCR mastermix kit used 

(Applied Biosystems)

50-ml reaction volume 50°C for 2min 34
100-ng DNA template 95°C 10-min initial denaturation
50-nM primers SV40 95°C 15s 40 cycles300-nM primers JCV and BKV 60°C 60s
200-nM probe
Taqman universal Mastermix kit 

(Applied Biosystems)

50-mL reaction volume 95°C for 10min 35
5-mL template 95°C for 15s 45 cycles300-nM primer 60°C for 60s
300-nM probe
200nM each dNTP
50mM KCl
10mM Tris-HCl pH 8.3
5mM MgCl2

1.25U AmpliTaq gold DNA polymerase

50-mL reaction volume 95°C for 10-min initial denaturation 36
10-mL DNA template 95°C for 15s 40 cycles300-nM primer 55°C for 60s
100-nM probe
5mM MgCl2

1.25U AmpliTaq gold DNA polymerase

}

}

}

}

}

}
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Table 20.4. Continued
Reaction Conditions Cycling Parameters Reference

No details on dNTP concentration or 
reaction buffer

Standard is 1¥ supplied amplification 
buffer

200uM each dNTP

20-mL reaction volume 95°C for 10min 37
5-mL DNA template 95°C for 10s
4mM MgCl2 55°C for 10s 55 cycles
2pmol sense primer 72°C for 10s
8pmol antisense primer
4pmol each probe
2ml 10¥ FastStart DNA master 

hybridization probes mix (kit; Roche)

}

Table 20.5. Reported methods utilized for SV40, JCV, or BKV detection verification in real-
time PCR studies on SV40 detection
Method Reference

Qualitative semi-nested PCR used in conjunction with the Taqman to differentiate 31
the viruses JCV and BKV; Taqman method used to quantify the amount of human 
polyoma virus in DNA only

Further characterized by hybridization; Southern blotting 32
Southern blot analysis 33
No further verification required 34
Utilized cloning from positive samples to achieve duplicate results for quantitation 35

purposes for each patient
No further verification required 36
Light cycler melting curve analysis for virus differentiation; probe does not 37

distinguish between viruses but reaction kinetics do

Table 20.6. Reported DNA extraction methods used for real-time PCR studies on SV40
detection
Extraction method Reference

Qiagen DNA Extraction Kit or Tris EDTA buffered proteinase K digestion 31
Proteinase K extraction followed by DNAeasy Cleanup Kit (Qiagen) 32
QIAamp DNA Kit (Qiagen) (both for cell lines and tissue) 33
QIAamp DNA Blood Mini Kit (Qiagen) and proteinase K digestion and organic 34

solvent extraction
High pure PCR template preparation kit (Roche Molecular Biolochemicals, NZ) 35

polyA carrier RNA added to elution buffer
Needle microdissection of stained tissue from paraffin embedded tissues 36
Laser microdissection (cases of limited tissue availability); both treated with 

proteinase K in expanded lysis buffer (Boehringer Mannheim)
DNA prepared with QIAamp blood and tissue kits (Qiagen)
QIAamp 96 spin Blood Kit (Qiagen) (cell lines used for detection) 37
QIAamp DNA Blood Mini Kit
Both methods, proteinase K digestion and QIAamp DNA Kits, have previously been evaluated as adequate
approaches for the extraction of SV40 DNA from tissues and blood (38,39).
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quantitative and may lack specificity as well as adequate sensitivity for
the detection of low levels of Tag expression in neoplastic cells. It also
relies on the use of Tag-specific monoclonal antibodies targeted at 
epitomes based in the variable portion of the Tag, which therefore may
be liable to gene mutation–related loss of activity, giving rise to false-
negative results.

Although the molecular detection method affords the highest levels
of specificity and sensitivity, it is technically demanding in skill and
care. It is also labor intensive and time-consuming. The modern real-
time PCR method and instrumentation offer a partial solution for wide-
scale analysis, but the current methods are still dependent on the
verification of SV40-specific sequences as distinct from those of BKV
and JCV sequences, with Southern blot or direct sequence analysis. A
real-time PCR method capable of directly discriminating the presence
of SV40 Lag-specific sequences in a mixture of polymer virus Lag
sequences is needed. Recently McKenzie et al (34) have reported a
method of this type.

Table 20.7. Reported DNA quality assurance methods used for real-time PCR studies on
SV40 detection
Method Explanation Reference

Amplification of the b-actin gene Taqman method to quantify human genomic 31
actin DNA

Amplification of the gene Amplified on SDS as SV40, used to estimate 32
glyceraldehyde-6-phosphate total cell number as described as single 
dehydrogenase copy gene

DNA quantified Spiked samples with known copy numbers of 33
spectrophotometric analysis SV40; readily accurately quantified

Purified SV40 strain 776 used for Detection of SV40 in spiked cell line extracts 
standard curve and viral loss showed DNA isolation and purification not 
analysis in extraction compromised.

Amplification of human b-globin Used as an indicator for amplifiable DNA 34
indication in many publications

Quantitation of cellular PDH gene Evaluate efficiency of microdissection and 35
by Taqman PCR extraction methods

Serial dilution of known quantity Assessed for consistency in extraction through 36
of SV40 extracted through kit quantification after cycling on Taqman; 
and quantified on Taqman corresponding DNA quantity analyzed for 

loss compared to DNA quantity known 
prior to extraction

Amplicon detection through No method described for extraction quality 37
enzyme-linked amplicon assurance; this method was used for 
hybridization assay (ELAHA) sensitivity analysis of the developed real-

Conventional PCR followed by time method, by detecting presence of 
ELAHA amplified material through viral specific 

fluorescent probes; absorbance detection 
greater than standard denoted a positive 
result; primers directed at homologous 
region in JCV and BKV for conventional PCR
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There also remains the need for improving the efficiency of DNA
extraction and recovery of episomal copies of SV40 DNA. The currently
available commercial kits are not considered to be adequately effective
in this respect. There is also a need for developing templates more
closely representative of the small episomal form of SV40 viral DNA
as standards for determining the adequacy of SV40 DNA extraction
from tumor tissue samples and the amplification sensitivity of the PCR
method. The use of SV40 DNA derived from semipermissively infected
mesothelial cells could be one option.

Special Considerations for PCR Analysis on Paraffin-Embedded
Tissue Samples

The extraction method should be standardized to ensure adequate
extraction of low molecular weight DNA (at least up to 300-bp size)
from paraffin-embedded tissue samples. The resulting DNA extracts

Table 20.8. Comparison of primer sets and locations used in quality assurance methods
Primer set used Primer location Reference

huAct se Human actin gene 31
TCACCCACAATGTGCCCATCT 486–506
huAct as GTGAGGATCTTCATGAGGTAGTCAGTC 565–591
Taqman huAct
F-ATGCCCTCCCCCATGCCATGCCATCCTGCGT-p 516–541

Primer sets not given; stated as unpublished data 32

N/A 33

bglobin 5¢ primer 34
GGCAACCCTAAGGTGAAGGC
bglobin 3¢ primer
GGTGAGCCAGGCCATCACTA
b-globin probe
CATGGCAAGAAAGTGCTCGGTTGCCT

Taqman 5¢ primer Human PDH gene 35
TCGATCGGGACTGCTTTCC 44–62
Taqman 3¢ primer
CCCACAACCTAGCACCAAAAGA 123–102
Taqman probe
CATCTCCTTTTGCTTGGCAAATCTGATCC 68–96

See table below for Taqman primers and probes for 36
real-time assay

Primer PoE1s VP1 gene 37
GGAGGAGTAGAAGTTCTAGAA Location not specified
Primer PoE2as
TCTGGGTACTTTGTYCTGTA Amplicon size 434
Probe1 :PoEBP1 BKV specific
Biotinyl-GCTTAACCTTCATGCAGGGTCACA
Probe2 :PoEJP2 JCV specific
Biotinyl-GATGAATGTGCACTCTAATGGTCA
Key: T 5-carboxytetramethylrhodamine (5-TAMRA).

F 6-carboxyfluorescin attached to the 5¢ terminus (FAM).
p phosphate group attached to the 3¢ terminus.
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Table 20.9. Reaction conditions and cycling parameters for quality assurance methods
Reaction conditions Cycling parameters Reference

50-mL reaction volume 3-min initial denaturation 31
5-mL template 94°C for 25s
200-nM each primer 65°C for 50s 45 cycles
100-nM exonuclease probe Fluorescence read during PCR cycling
200mM each dNTP
5mL 10¥ amplification buffer
1mM ROX
2U platinum Taq

10-mL extracted DNA template 50°C for 2min 32
0.2-mM primer or 0.2mM SYBR green dye 95°C for 12min
200-mM each dNTP 95°C for 15s
10mM Tris HCl pH 8.0 55°C for 30s 50 cycles
50mM KCl
4mM MgCl2

5U AmpliTaq gold DNA polymerase

N/A 33

50-mL reaction volume 50°C for 2min 34
100-ng DNA template 95°C 10-min initial denaturation
50-nM primers SV40 95°C 15s
300-nM primers JCV and BKV 60°C 60s 40 cycles
200-nM probe
No concentration given for b-globin

primers and probe
Taqman Universal Mastermix Kit 

(Applied Biosystems)

50-mL reaction volume 95°C for 10min 35
5-mL template 95°C for 15s
300-nM primer 60°C for 60s 45 cycles
300-nM probe
200nM each dNTP
50mM KCl
10mM Tris-HCl pH 8.3
5mM MgCl2

1.25U AmpliTaq Gold DNA polymerase

50-mL reaction volume 95°C for 10-min initial denaturation 36
10-mL DNA template 95°C for 15s
300-nM primer 55°C for 60s 40 cycles
100-nM probe
5mM MgCl2

1.25U AmpliTaq Gold DNA polymerase
No details on dNTP concentration or 

reaction buffer
Standard is 1¥ supplied amplification 

buffer 
200uM each dNTP

Conventional PCR Conventional PCR parameters 37
50-mL reaction volume 94°C for 2min
5-mL template 94°C for 20s
10-pmol primer 55°C for 20s 45 cycles
200mM each dNTP 72°C for 20s
400mM dUTP 72°C for 7-min final extension
2.5mM MgCl2

2U platinum Taq Polymerase
5-mL 10¥ reaction buffer
ELAHA method, detailed in reference
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should also be ensured to be free of inhibitors, which could interfere
with the PCR reaction.

The PCR primers should be designed to target regions in the SV40
genome that display the least homology with JCV and BKV sequences
and any other cross-reactive DNA sequences. The amplicon size should
be designed to be less than 200bp to avoid false-negative results due
to fragmented DNA. Most real-time methods have been designed to
compensate for this by having primer design parameters that specify
the close proximity of the forward and reverse primer to the probe, 
and the amplicon region is often recommended to be no greater than
150bp (for example, as specified in Primer Express software by Perkin
Elmer/Applied Biosystems).

Conclusion and Future Work

Ever since the discovery in 1960 of SV40 as a contaminant of poliovirus
vaccines and the subsequent realization of its oncogenic properties in
the hamster model and its transforming activity in human cells, there
has been a steady interest in the analysis of SV40 as a potential human
carcinogen. However, the inherent ineffectiveness of cohort-based 
epidemiologic studies to establish the causal role of SV40 with respect
to the suspected forms of human tumors has forced reliance on the
analysis of SV40 or the molecular association with human tumors in
different demographic settings as an alternative approach. Among the
methods available for molecular detection of SV40 in human tissue, the
use of the PCR technique has proved the most reliable and versatile.
While the majority of the early studies relied on the conventional PCR
method, there has been a growing trend toward the use of the more
efficient real-time PCR assays for a wide-scale analysis. This chapter
presented the principles of the methodologies used thus far and pro-
vided an evaluation of their efficacy, particularly with respect to analy-
sis of the large number of tissue samples required for charting the
possible causal role of SV40 in human mesothelioma and other tumors.
In view of the putative episomal and low copy number SV40 associa-
tion with human mesothelioma, the need for efficient extraction of 
this type of DNA linked to high amplification PCR analysis was also
discussed.

The putative co-carcinogenic role of SV40 in the formation of certain
types of human tumors has raised the need for accurate detection of
the viral DNA in human tissue for demographic studies, in diagnostic
and prognostic analysis, and in assessing potential therapeutic and pro-
phylactic measures against the virus-associated tumor types. The PCR-
based molecular detection of SV40 presently offers the most reliable
and versatile approach. However, further refinement and standardiza-
tion of the current methodology is necessary to allow its widespread
acceptance and application. The use of a multiplex real-time PCR
method linked to a simultaneous specific detection of SV40, BKV, and
JCV DNA offers a possible solution.



Appendix

The protocol for the detection of SV40 in human mesothelioma by PCR
is derived from Rizzo et al (40).

DNA Extraction

Fresh/Frozen Tissue

• From 25 to 125mg frozen/fresh tissue containing a large proportion
of well-preserved tumor tissue verified by frozen section histologic
analysis

• Oncor (Gaithersburg, MD) commercial kit used for extraction
• Protocol includes lysis step, followed by 12-hour incubation with

proteinase K
• DNA recovered by ethanol precipitation and centrifugation (17,400

¥ g)
• Resuspended in TE buffer
• 1mg extract used in PCR

Paraffin-Embedded Tissue

• 20 to 50-mm sections from a tissue block containing a large propor-
tion of well-preserved tumor tissue verified by histologic analysis

• Incubation overnight in 1mL xylene
• Centrifuged, xylene removed, washed twice with 1mL ethanol, air

dried
• Treated with lysis buffer [50mM Tris-HCl pH 8.5, 1mM ethylene-

diaminetetraacetic acid (EDTA), 0.5% Tween 20] with 0.4mg/mL
proteinase K, incubated overnight at 50°C

• Proteinase K added to final concentration 0.8mg/mL and incubated
for a further 2 hours

• Phenol extracted and ultrafiltrated (Centricon 30 tubes, Amicon)
• Final volume in 40mL water, 10mL used in PCR

PCR

• Tested for amplification using alu or b-globin specific primers
• Semi-nested method 100mL reaction (SV40 testing)
• Conditions: 2.5mM MgCl2, 0.5mM each primer (rest as stated by

manufacturer, Applied Biosystems)
• Cycling parameters: 3min @ 94°C initial denaturation/hot start, 45

cycles of 1min @ 94°C, 1min @ 55–60°C, 1min @ 72°C
• For paraffin-embedded tissues the annealing stage is set at 2min @

55°C
• Primers: Pyv.for and Pyv.rev 173-bp fragment for SV40 JCV and

BKV; SV3.for and SV.rev 105-bp fragment of SV40 but also interact
with other papovaviruses, used predominantly for paraffin-
embedded tissue; SV2.for and SV.rev 576-bp fragment specific for
SV40, predominantly used for fresh or frozen tissue
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Southern Blotting

• 2% agarose gel used to visualize PCR products/amplicons (20mL of
PCR reaction used)

• Overnight transfer in 0.4N NaOH to positively charged membrane
• Hybridized with SV40-specific 32P-end-labeled oligonucleotide

probe
• 10pmol probe in 10mL reaction for labeling, followed by gel filtra-

tion for unincorporated 32P removal using Chromaspin columns
• Hybridization overnight in 10mL hybridization solution: 5¥ sodium

saline phosphate/EDTA (SSPE), 5¥ Denhardt’s solution, 0.5% SDS,
and 100mg/mL of salmon sperm DNA at 52°C

• Filters washed at 52°C with final stringency of 0.5 ¥ SSC 0.1% SDS
and exposed to x-ray film at room temperature (£30min)

Sequence Analysis

Fragments are separated on 2% agarose gel, removed from gel after
Southern blotting determines correct amplicons, and subjected to direct
sequence analysis.
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21
Malignant Mesothelioma 
Following Radiation
Katherine D. Crew, Alfred I. Neugut, and Karen H. Antman

The strong association between asbestos exposure and malignant
mesothelioma has been widely accepted since 1960 (1,2). Although
asbestos is the primary etiologic agent for this tumor, a significant
number of patients who develop mesothelioma have no known
asbestos exposure. Radiation, nonasbestos mineral fibers, organic
chemicals, chronic inflammation (3), and simian virus 40 (SV40) expo-
sure (4,5) have also been suggested as risk factors for mesothelioma in
humans.

Because asbestos is ubiquitous, past exposures are often difficult to
quantitate. Past asbestos exposure may be assessed by a standardized
questionnaire that collects information on occupational, paraoccupa-
tional, environmental, and domestic contact with asbestos from 
insulation, mining, milling, heating trades, shipyard work, and 
construction (6). However, the long latency period of 20 years or longer
from the onset of exposure to the development of malignant mesothe-
lioma likely influences the accuracy of the exposure information
obtained (1). More objective evidence of asbestos exposure includes
radiologic findings such as bibasilar fibrosis and calcified pleural
plaques, the presence of asbestos fibers in sputum or bronchoalveolar
lavage samples, and evidence of interstitial fibrosis or ferruginous
bodies in lung tissue (7). These criteria have been used to try to exclude
asbestos as the causal factor in some cases of mesothelioma.

In published case series, the proportion of mesothelioma cases that
have an asbestos exposure history ranges from 16% to 77% (8). Of 668
patients who died of malignant mesothelioma in Canada and the
United States from 1960 to 1975, only 50% of men and 5% of women
had known asbestos exposure (9). Occupational asbestos exposure in
women and children is rare; therefore, most asbestos exposure in these
individuals is thought to come from a household member who is em-
ployed in an asbestos industry. The occurrence of malignant mesothe-
lioma in children may not be related to asbestos at all. In a report of 13
children diagnosed with mesothelioma in the United States, the short
latency period from the time of exposure to tumor development and
the absence of geographic clustering argued against an environmental
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cause for this malignancy in children (10). Therefore, the disease
appears to have a “natural” incidence of undetermined origin. Radia-
tion is a possible etiologic agent for mesothelioma that may act inde-
pendently or may have a synergistic effect with asbestos (11).

Animal Models of Radiation-Induced Mesothelioma

Animal experiments conducted in the 1970s demonstrated that inhaled
or implanted plutonium in rodents and dogs could induce epithelial
and mesenchymal tumors in the lungs and thorax (12). When pluto-
nium oxide was injected into the peritoneal cavity of rats, 27% of these
animals developed epithelial mesotheliomas and 38% developed sar-
comas of various types (13). Both the soft tissue sarcomas and mesothe-
liomas were frequently seen surrounding “hot spots” of plutonium
activity in the omentum. The pattern of PuO2-induced mesothelioma
was similar to that observed following intracavitary administration of
asbestos fibers.

However, when animals were given inhaled and intrapleurally
injected plutonium dioxide, only a small fraction developed pleural
mesotheliomas (14). Only five of 2105 rats given aerosolized 239PuO2

developed pleural mesotheliomas, and one of 27 rats given intrapleural
injection developed these tumors. The reason for the low incidence
appeared to be the rapid clearance of 239PuO2 to the thoracic, mediasti-
nal, and hepatic lymph nodes, which limited alpha irradiation of the
pleural mesothelium and subsequent mesothelioma formation.

Exposure to cerium-144 dioxide led to the development of mesothe-
lioma in four of 566 study animals (15). Evidence supporting a 
possible synergistic effect of radiation with asbestos comes from 
experiments showing an increased incidence of mesothelioma in rats
after both irradiation and the administration of asbestos compared
with animals that received asbestos alone (16).

Carcinogenic Effect of Radiation in Humans

Evidence that radiation is a human carcinogen comes from a number
of epidemiologic studies reported in the literature (17,18). Studies on
atomic bomb survivors have shown increased rates of cancers of the
lung, breast, thyroid, stomach, urinary tract, and colon, as well as
leukemia and multiple myeloma (19). Except for radiation-induced
leukemias, which develop a few years after exposure, the average
latency period for the development of solid tumors after radiation is
more than 15 years (20).

Cancer can also occur as a secondary effect of therapeutic radiation
(21). Advances in radiation therapy for cancer have led to increased
survival for many patients, but a serious late complication of treatment
is the development of second primary malignancies. Radiotherapy-
related second primary malignancies usually occur about 10 to 20 years
after exposure often within the field of irradiation (22–25) or adjacent
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to it (26). As the number of long-term cancer survivors increases,
second primary malignancies attributable to radiation treatment are
becoming more frequent.

Radiation-Induced Sarcomas

Radiation exposure is a risk factor for the development of sarcomas.
One study reviewed 344 cases of postirradiation sarcoma (27). The
majority of second primary sarcomas were diagnosed in an anatomic
site that had been previously exposed to radiotherapy. The mean time
interval between the first and second neoplasm was about 11 years.
Overall, 67% of the postirradiation sarcomas occurred in women com-
pared to 22% in men (for 11% the gender was not given). This was due
to the fact that women have breast and gynecologic tumors that are
often treated with radiotherapy and are associated with prolonged sur-
vival. Although sarcomas are rare tumors in the general population,
their risk is increased in long-term survivors of primary tumors treated
with therapeutic irradiation.

In a report of 47 cases of radiation-induced sarcoma, patients
exposed at younger ages tended to have a higher risk of developing
tumors (28). The Late Effects Study Group assessed the risk of devel-
oping second primary neoplasms in patients with a history of child-
hood cancers, and found that bone and soft tissue sarcomas were the
most common second primary malignancies encountered, with 74% of
the sarcomas radiation-associated (29).

Malignant mesothelioma represents a type of soft tissue sarcoma
(30). Like mixed mesodermal sarcomas of the uterus, synovial 
cell sarcomas, adenosarcomas, and epitheloid sarcomas, 80% of 
mesotheliomas have an epithelial component and about half have 
no sarcomatous elements. Similar to low-grade intraperitoneal and
retroperitoneal sarcomas, patients with mesothelioma often die of local
complications from the primary lesion rather than distant metastases.

Thorotrast-Related Mesotheliomas

Thorotrast is radioactive thorium dioxide, widely used as a radio-
graphic contrast agent in the 1930s to 1940s, but discontinued after
several reports of Thorotrast-induced malignant tumors, including
liver cell carcinomas, hemangioendotheliomas, and carcinomas of the
bile ducts (31). Dahlgren (32) published a case report of a patient who
developed a neurofibrosarcoma of the neck at the site of Thorotrast
injection for cerebral angiography. The patient subsequently developed
a malignant mesothelioma of the cervical pleura. Maurer and Egloff
(33) reported the case of a patient who developed peritoneal mesothe-
lioma 36 years after contamination of the peritoneal cavity with Thoro-
trast during cholangiography.

In a cohort of 1095 patients who received Thorotrast injections for
cerebral arteriography, a total of 368 cancer cases was reported to the
Danish Cancer Registry (34). These patients had an increased incidence
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of tumors of the liver, gallbladder, and peritoneum, as well as leukemia
and multiple myeloma. The increased risk of cancer of the peritoneum
(i.e., malignant mesothelioma) seen in this study could be explained by
direct alpha radiation from the thorium deposited in the liver or spleen
(35).

Case Reports of Radiation-Associated Mesotheliomas

After asbestos exposure, radiation is among the most frequently
reported associations with mesothelioma, but the number of well-
documented cases is small. Approximately 45 patients with malignant
mesothelioma following radiotherapy have been described in the lit-
erature (Table 21.1). Pleural and peritoneal mesotheliomas have oc-
curred in patients with prior radiotherapy for Hodgkin’s disease (38,
40,53,54,56–58,60), breast cancer (42,51,55,57), testicular cancer (39,42,
43,50,59), cervical cancer (36,44), Wilms’ tumor (37,46,48,49), non-
Hodgkin’s lymphoma (42,47,58), as well as radiation for nonmalignant
disease (41,42,52) and Thorotrast exposure (32,33). Many of the primary
tumors, including Hodgkin’s disease and germ cell tumors, are curable
and frequently occur in young individuals.

Among these case reports, the most common first malignancy is
Hodgkin’s disease. Improvements in the treatment of Hodgkin’s dis-
ease have allowed many patients to experience long-term survival and
cure. In a 15-year follow-up survey of patients treated for Hodgkin’s
disease, there was a 17.6% cumulative risk (or sixfold excess risk) of
second primary cancers compared to a general age-matched popula-
tion (61). Immunosuppression may contribute to the development of
certain second primary tumors after Hodgkin’s disease (62). The inci-
dence of second primary solid tumors in patients treated for Hodgkin’s
disease continues to increase with time (63,64). In addition, all cancers
of the stomach, bone, and connective tissue occurred within previously
irradiated areas (61). In another cohort of 1329 patients with Hodgkin’s
disease, the vast majority of second primary solid tumors were ob-
served in patients previously treated with irradiation or alkylating
agents, such as cyclophosphamide, nitrogen mustard, procarbazine,
and nitrosoureas (63). Sarcomas were the second most common second
primary solid tumors after lung cancer. Five patients in this series had
soft tissue sarcomas, but there were no reports of mesothelioma.
Perhaps this was due to underdiagnosis of mesothelioma or because
radiation-related mesothelioma is a rare occurrence.

Sixteen of the 45 published cases of radiation-associated mesothe-
liomas occurred in patients with prior childhood malignancies. For
example, five case reports describe mesothelioma following radiother-
apy for Wilms’ tumor, which is a relatively rare childhood neoplasm
with about a 90% cure rate (65). In the Late Effects Study Group (LESG)
report, 1.4% of the 1451 patients with Wilms’ tumor developed a second
malignant neoplasm, comprising 19% of patients with a second cancer
(29). In an update of the LESG, the most common second malignant
neoplasms arising from irradiated sites, were bone sarcomas (64). Soft
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tissue sarcomas were also frequent and approximately 75% arose in
previously irradiated tissues. In a retrospective analysis of second
primary cancers in patients who survived a childhood cancer, the
majority (28 of 36) of second primary cancers was in the field of prior
radiotherapy, while 4 of 36 lesions arose outside of the treatment field,
including one case of mesothelioma (37).

Of the five cases of mesothelioma following Wilms’ tumor, one arose
within the irradiated lung field (49), one arose ipsilateral to an irradi-
ated renal fossa (46), and three arose outside the radiation field
(37,46,48). A fraction of Wilms’ tumor patients carry a genetic predis-
position to malignant neoplasms (66). However, malignant mesothe-
lioma as a second primary neoplasm does not appear to be increased
in the absence of other predisposing factors. Therefore, genetic predis-
position is unlikely to be the sole factor in the development of mesothe-
lioma as a second primary malignancy. Given that the survival of
patients with childhood malignancies has improved in recent years
(67), an understanding of etiologic factors responsible for second
primary neoplasms may come from the study of these children.

The documented case reports also included patients who had radia-
tion exposure for nonmalignant disease. There were two cases of
Thorotrast exposure for radiologic studies (32,33), one case of cosmetic
irradiation for a neck scar following thyroidectomy for goiter (42), and
one case of a patient who received multiple chest x-rays over the course
of 26 years to evaluate a radiologic opacity of unclear etiology (41).
There was also one case of occupational radiation exposure in a radia-
tion technologist who had an estimated cumulative dose of about 40 to
50 rad, which is a lower dose than that for therapeutic radiation (52).

The literature also includes one case of pericardial mesothelioma in
a patient who received mantle field radiotherapy for Hodgkin’s lym-
phoma (60). About 80% of mesotheliomas arise from the pleura and
20% have primarily peritoneal involvement. Primary pericardial
mesothelioma is rare. However, in a series of nine patients with pleural
mesothelioma examined at autopsy, six had pericardial involvement
(30).

Most of the reported patients with radiation-associated mesothe-
lioma did not have documented asbestos exposure, and there appear
to be differences between these cases of radiation-associated mesothe-
liomas and asbestos-induced mesotheliomas (Table 21.2). In a series of

356 Chapter 21 Malignant Mesothelioma Following Radiation

Table 21.2. Clinical features of asbestos-related and radiation-
associated mesotheliomas

Asbestos Radiationa

Median age at diagnosis (years) 50–70 43
Median latent period (years) 20–40 18
Male/female ratio 9 :1 5 :4
Epithelial/mixed/sarcomatous histology 5 :3 :2 10 :1 :1
Pleural/peritoneal site of involvement 4 :1 2 :1
Median months to death after diagnosis 4–12 9
a Based on 45 case reports in the literature.



mesothelioma patients grouped by their level of past asbestos expo-
sure, the patients with asbestos-related mesothelioma were mainly men
and had mesotheliomas of varied histologic types, while non–asbestos-
related mesotheliomas occurred in more women and were mainly
epithelial tumors (41). Among the 45 case reports of radiation-
associated mesothelioma, the median age at diagnosis is 43 years
(range 16 to 78) compared to the peak occurrence of asbestos-related
mesotheliomas in the sixth to seventh decades. The interval between
radiation exposure and the appearance of mesothelioma ranged from
5 to 41 years with a median of 18 years, which is consistent with the
known latent period of other radiation-induced sarcomas (27). Among
the documented cases of radiation-related mesothelioma, 57% of the
patients were male and 43% were female, unlike the male predomi-
nance seen in mesotheliomas caused by asbestos. As with asbestos-
related mesotheliomas, postirradiation mesotheliomas are primarily
epithelial in histology (31 epithelial, three mixed, three sarcomatous,
eight unknown), pleural in location (29 pleural, 14 peritoneum, one
pericardial, one unknown), and rapidly lethal. Patients with radiation-
induced mesotheliomas had a median survival of 9 months; 5 cases
were diagnosed at autopsy. However, four patients survived more than
3 years (56–58). In general, the median survival of patients with epithe-
lial mesothelioma is 16 months, compared to 12 months for patients
with fibrosarcomatous tumors (40).

In at least three cases, mesothelioma arose outside the radiation fields
(37,42,46). Tumors found adjacent to radiation ports may represent
radiation scatter-induced tumors. The carcinogenic effects of irradia-
tion might be at a site remote from the irradiated organ. Alternatively,
these anecdotal reports may represent chance associations.

At least 15 of the 45 patients with radiation-associated mesothe-
liomas also received chemotherapy. Chemotherapeutic drugs, particu-
larly alkylating agents, are known carcinogens (69–73). Therefore, the
pathogenesis of mesothelioma may be multifactorial, with radiation
acting synergistically with other known carcinogens.

Mesotheliomas May Be Underdiagnosed 
and Misdiagnosed

Mesotheliomas were particularly difficult to diagnose in the past due
to their nonspecific clinical presentations, the large volume of tissue
required for examination, and the lack of experience of most patholo-
gists with the diagnosis. In a series of 123 patients diagnosed with
mesothelioma from 1949 to 1980, the median time to diagnosis was 3
months; symptoms appeared from 2 weeks to 2 years prior to diagno-
sis (40). Thoracotomy or thoracoscopy is generally required to obtain
an adequate biopsy. In one case series, the diagnostic yield of pleural
fluid for cytology was 4%, for percutaneous needle biopsy 26%, and
for open biopsy 70% (74).

Criteria have been established outlining the gross and histologic
characteristics and immunohistochemical findings for malignant
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mesothelioma (75). In a review of a series of malignant mesotheliomas
diagnosed prior to the use of special immunoperoxidase stains, the
Canadian Mesothelioma Panel favored the diagnosis in 59% of cases,
opposed it in 34%, and was uncertain in 7% (76). The epithelial variant
of malignant mesothelioma can easily be mistaken for other neoplasms,
especially metastatic adenocarcinomas which are much more common.
Unless mesothelioma is considered in the differential diagnosis, special
stains that are now used to diagnose these tumors are not routinely
performed. Also, electron microscopy may be helpful to confirm the
diagnosis. A second primary malignancy may be difficult to differenti-
ate from a recurrence of the first cancer. Therefore, mesotheliomas may
be misdiagnosed in patients with a prior malignancy.

Population-Based Studies of Radiation-Associated
Mesotheliomas

Population-based surveys have attempted to determine the true inci-
dence of radiation-induced mesotheliomas. Shannon et al (55) pub-
lished a random retrospective review of 1000 patients without a history
of asbestos exposure who developed a unilateral pleural effusion years
after having received thoracic radiation for a malignancy. Three
patients had radiation-associated malignant pleural mesotheliomas.

Cavazza et al (57) conducted a large, population-based survey of
cancer patients who subsequently developed a second primary
mesothelioma. The occurrence of mesothelioma as a second primary
cancer in the general U.S. population was surveyed using data from
the Connecticut Tumor Registry from 1935 to 1972 and the National
Cancer Institute’s Surveillance, Epidemiology, and End Results (SEER)
Program from 1973 to 1992. Malignant pleural mesotheliomas occurred
as a second primary cancer in 142 of 1,489,643 patients during 6,304,466
person-years of follow-up. The characteristics of this group of patients
were somewhat different from those observed in the case reports of
radiation-related mesotheliomas. Men comprised 89% of the patients,
similar to the male/female ratio for asbestos-related mesothelioma (77).
The median latency between the first cancer and the development of
malignant mesothelioma was 4.3 years, shorter than generally reported
for radiation-induced malignancies. Of the 142 second primary cases
of mesothelioma, only 37 received radiation as part of the therapy for
their first malignancy. Although second primary cancers may be under-
reported, malignant mesothelioma as a second primary neoplasm is a
very rare event, occurring in approximately 1 in 10,000 cancer patients
in this large survey.

Neugut et al (78) published the first controlled study looking at the
relationship between thoracic radiation exposure and malignant
pleural mesothelioma. They conducted a retrospective cohort analysis
of the incidence of malignant pleural mesothelioma after thoracic
radiotherapy for breast cancer and Hodgkin’s disease using patients
registered in the SEER Program from 1973 to 1993. They found that
24.8% of the breast cancer patients and 50.6% of the Hodgkin’s disease
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patients had received radiotherapy. Six pleural mesotheliomas were
diagnosed among the breast cancer patients treated with radiotherapy
and four were diagnosed in women not treated with radiation. No
mesotheliomas were observed in patients with prior Hodgkin’s
disease. Therefore, no significant association was found between tho-
racic radiation for breast carcinoma and Hodgkin’s lymphoma and the
development of malignant pleural mesothelioma. However, mesothe-
liomas may have been misdiagnosed as recurrences of breast cancer or
Hodgkin’s disease, which would lead to underreporting of mesothe-
lioma cases. Another limitation of this study is the lack of reliable
mesothelioma diagnosis during the period under study and relatively
short follow-up time (maximum of 20 years). In radiation carcinogen-
esis, not even 30 years of follow-up is adequate to show the total effect
of exposure (18).

Conclusion

There is considerable evidence, both in animal models and in humans,
of the carcinogenic potential of radiation. Radiotherapy appears to
induce a small but significant number of second primary malignancies,
both in heavily irradiated tissues and in organs remote from the target
area (79). Although second primary malignancies may be a lethal late
complication of radiotherapy, the total risk appears to be small 
compared to its benefits. Various case reports suggest an associa-
tion between radiation therapy and the subsequent development of
malignant mesothelioma. Because of the rarity of radiation-induced
mesothelioma, the relatively long latent period, and underdiagnosis,
accurate estimates of its incidence are difficult to make. Nevertheless,
mesothelioma should be considered in patients with a prior history of
radiation who subsequently develop a pleural or peritoneal effusion.
As with malignant mesothelioma associated with asbestos exposure,
the prognosis is extremely poor. Three possibilities remain with respect
to radiation and malignant mesothelioma: (1) radiation acts as an 
independent carcinogen; (2) radiation potentiates the effects of other
carcinogens such as asbestos, chemotherapy, and genetic and environ-
mental factors; and (3) the history of irradiation is incidental in patients
who develop mesothelioma.
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Genetics and Human Mesothelioma
Michele Carbone and Izzetin Y. Baris

In the villages of Karain (population 600) and Tuzkoy (population 1400)
in Cappadocia, a region in Central Anatolia, Turkey, characterized by
volcanic tuffs and natural caves, 50% or more of deaths are caused by
malignant mesothelioma. These two villages, like most other villages
in the region, were built with stones mined from the nearby natural
caves. Dr. Y.I. Barish discovered this unique very high incidence of
mesothelioma (1). Soon after, scientists looked for asbestos, which in
the 1970s was the only known causative factor for mesothelioma. Some
asbestos was found (2), but subsequent studies demonstrated that 
in Cappadocia low asbestos amounts are found almost everywhere
because it is a natural component of that volcanic terrain and because
asbestos-based stucco (containing tremolite asbestos) has been widely
used in building construction (3). It appeared that asbestos could not
account for the unique high incidence of mesotheliomas in these two
villages (4).

Another type of mineral fiber, erionite, which had been detected in
the lungs of several villagers, was suspected as a causative agent (1,4).
Erionite is a type of fibrous zeolite commonly found in the stones of
the houses of Karain and Tuzkoy. When erionite was injected intrapleu-
rally into animals, it caused mesothelioma, and it was concluded that
erionite was the cause of mesothelioma in these villages (5). Erionite,
therefore, appeared much more potent than asbestos in causing
mesothelioma because more than half of the villagers died of this
disease. Erionite was claimed to be the most potent chemical human
carcinogen (6). Studies tried to link erionite to other human tumors, but
except for mesotheliomas there is no significant difference in the inci-
dence of any other tumor types in these two villages compared with
the rest of Turkey (7). Why such a potent carcinogen would specifi-
cally cause mesothelioma was unknown. Why about 50% of villagers
appeared to suffer no consequence from exposure to such a potent car-
cinogen was also unknown.

During repeated visits to these villages, we suspected that erionite
was not the only cause of mesothelioma. In the villages of Karain and
Tuzkoy, mesothelioma developed mostly in certain houses, called the
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“houses of death” because all the residents had died of mesothelioma.
Residents of nearby houses had not developed mesothelioma. It was
stated that the amount of erionite was higher in the “houses of death”
but the only proof for this statement was that residents of those houses
had died of mesothelioma. If this hypothesis was correct, there had to
be an extremely high amount of erionite in the “houses of death,” and
proportionally a very low amount of erionite in the other houses next
to the “houses of death.” Yet both groups of houses appeared to have
been built at about the same time and with the same type of stones. In
Karain and Tuzkoy, families live together for multiple generations;
therefore, people living in the same house are often related.

It appeared possible that susceptibility to mesothelioma was genet-
ically transmitted and that the presumed higher amount of erionite 
in the “houses of death” was a misleading hypothesis. The genetic
hypothesis was strengthened by the observation that only one
mesothelioma had been observed in Karlik, 1km south of Karain, with
a population of 1500. This mesothelioma had occurred in a woman
from Karain who had moved to Karlik when she married a Karlik man.
The houses of Karlik appeared identical to those of Karain and had
been built with stones mined from the same caves, which are located
midway between Karain and Karlik on the same side of the mountain
on which these two villages were built. Again the hypothesis was made
that there was more erionite in the houses of Karain, but during a local
inspection of Karlik and Karain, one of the highest amounts of what
appeared to be erionite (erionite has a white color and a soft consis-
tency and looks like an area of decay within the zeolite stones used to
build the villages) was found in the stones of the fountain of Karlik,
which provides water to the whole village.

The marriage of the woman of Karain with a man of Karlik was
unique. Residents of Cappadocia consider people from the two
mesothelioma villages “weak” and they are afraid that mesothelioma
will spread in their families if they marry with villagers of Karain and
Tuzkoy. In fact we observed that people from Karain and Tuzkoy have
problems even selling their products to the market because residents
of nearby villages are afraid to buy anything that comes from these two
villages (7). The consequence of this incredible situation is that most
marriages in Karain and Tuzkoy are between villagers, and marriages
to people from outside the villages are infrequent.

Since there was reason to suspect that mesothelioma in Karain and
Tuzkoy had a genetic cause, we studied this possibility. In an initial
study, we constructed preliminary pedigrees from several families, 
and it was apparent that mesothelioma was genetically transmitted,
possibly as an autosomal-dominant disease (8). About 50% of the
descendents of affected parents developed mesothelioma, whereas
mesothelioma was absent in other families. When members of unaf-
fected families married into affected families, mesothelioma appeared
in their descendants (9). Mineralogic analyses revealed no differences
in the amount or type of erionite among the “houses of death” and
other houses, including those of Karlik (Umran Dogan, University of
Ankara, personal communication). These same analyses confirmed the
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presence of a very high amount of erionite in the fountain of Karlik.
Thus, it appears that in these villages, susceptibility to mesothelioma
is genetically transmitted.

The possibility that erionite is a cofactor that causes mesothelioma
prevalently in genetically predisposed individuals is presently being
investigated in our laboratories in collaboration with Dr. Umran Dogan.
Furthermore, we are trying to isolate the putative mesothelioma sus-
ceptibility gene that predisposes some families of Karain and Tuzkoy to
this malignancy. This should lead to the development of therapeutic
approaches for members of these families. It is possible that the same
gene that is genetically mutated in Cappadocia may be the target of
asbestos and simian virus 40 (SV40) carcinogenesis, and thus it is hoped
that the eventual isolation of this putative gene might clarify the molec-
ular pathogenesis of mesothelioma, and also benefit all mesothelioma
patients.
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Clinicians’ Approach 

to Mesothelioma
Philip Harber and J. Bernard .L. Gee

Prior to 1960, malignant mesothelioma (MM) was considered a rare and
ill-defined entity of obscure etiology. The recognition of an origin from
amphibole asbestos provided a case series of sufficient size both to
characterize the tumor and to identify epidemiologically its common-
est cause.

Although MM is a relatively rare tumor (1), many clinicians become
involved in the care of patients with, or at risk of, MM. Clinicians may
play several roles, as summarized in Table 23.1.

The scientific basis guiding approaches of clinicians is discussed
throughout this book. In addition, the specific clinical manifestations
of the common types of MM are presented in this chapter and 
Chapters 24 and 25.

Diagnostic Approach

Malignant mesothelioma arise most frequently from the pleura or peri-
toneum (10–20%), the pericardial site usually being a secondary one.
Generally, pleural mesotheliomas are easier to diagnose and recognize
than those in the peritoneum.

The common presentations of pleural mesothelioma are unexplained
chest pain, dyspnea (often due to the presence of a large pleural effu-
sion), or the incidental detection of a pleural effusion in the course of
a routine radiographic examination. Peritoneal mesotheliomas, how-
ever, are often detected because of abdominal pain, abdominal mass,
or intestinal obstruction.

Malignant mesothelioma is frequently in the differential diagnosis of
a patient with a pleural effusion, particularly if there has been expo-
sure to asbestos; however, even among high-risk patients, other etiolo-
gies are common. Pleural effusions may be characterized as either a
transudation (commonly due to congestive heart failure or fluid over-
load) or an exudate (often related to infection, trauma, or malignancy
including mesothelioma). Diagnostic approaches to patients with
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pleural effusions are well summarized elsewhere (2). First, the effusion
should be characterized by thoracentesis as either a transudate or an
exudate. Generally, transudative effusions do not require further atten-
tion to the effusion itself, but rather the underlying etiology such as
heart failure should be addressed. For exudative effusions, if the initial
thoracentesis does not yield a clear diagnosis such as tuberculosis,
further investigation is needed. Cytology studies of the pleural fluid of
patients with MM are often inconclusive, but a lung mass may be found
by x-ray or computed tomography (CT) scan examination after drain-
age. Thus, the second step is to perform a biopsy of the pleura or of
the lung. Earlier methods of external needle biopsies of the pleura had
low sensitivity, whereas open thoracotomy had significant morbidity
and mortality. Currently, many consider video-assisted thoracoscopy
(VAT) to be an optimal approach since it allows obtaining a sample of
reasonable size as well as visual inspection of the pleura to sample the
most likely location; associated morbidity is acceptably limited. In
addition, where appropriate, lung biopsy may be obtained concomi-
tantly in a VAT. Although hyaluronidase levels were considered useful
in the past, they are neither sensitive nor specific for mesothelioma.

Prognosis

The prognosis, unfortunately, is usually dismal. Ominous factors
include systemic effects such as fever, weight loss, and lassitude. Nonep-
ithelial forms are more sinister, particularly in men, as are low hemo-
globin, elevated platelet counts, and lactate dehydrogenase (LDH).
Staging is clearly relevant, with about a mean 30-month survival at stage
I and a year or less with more advanced disease. The rare needle-track
invasion responds to radiotherapy, but otherwise medical therapy is
somewhat experimental, even though thoracocentesis and paracentesis
may relieve some symptoms and frequently afford a temporarily accept-
able lifestyle.

Clinical Decisions

Table 23.2 summarizes the decisions that patients and clinicians 
need to make. In some instances, guiding patients to make these 
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Table 23.1. Roles of clinicians
Counseling asbestos exposed employees who have substantial risk of developing mesothelioma
Counseling members of the general community with very low level exposure
Clinically evaluating patients for whom mesothelioma is in the differential diagnosis (e.g., a 

patient with a hemorrhagic pleural effusion)
Advising patients about selection of optimal treatment
Providing therapy: surgical, chemotherapeutic, immunotherapeutic, radiotherapeutic
Providing compassionate primary care for patients with this frequently fatal illness
Advising patients about legal aspects
Assessing etiology
Establishing preventive programs



decisions is best accomplished by primary treating physicians, whereas
in others, extensive detailed experience with mesothelioma is most 
relevant.

Extensive surgical approaches are utilized for selected patients 
with pleural mesothelioma. Therefore, prior to a thoracotomy, patients
should be asked if they desire very extensive surgical treatment. Fur-
thermore, the primary physician should confer with the patient about
whether a thoracotomy should be conducted in a local facility or if the
patient should be referred to one of the centers with extensive experi-
ence in the management of MM.

Pathology Considerations for the Clinician

The histopathology of MM is detailed in the Pathology of Mesothe-
lioma section of this book. The following considerations are relevant to
the primary clinician.

Confirmation of Diagnosis

Many pathologists have only limited experience with MM, and thus a
diagnosis of MM should be confirmed by a pathologist with particular
experience in this area. Indeed, many countries have a mesothelioma
panel for this purpose.

In addition to routine histologic examination, immunochemical and
electron microscopy are useful in establishing the diagnosis. Determi-
nation of the histologic types of mesothelioma (epithelial, sarcomatous,
and mixed forms) also requires special studies and expertise. The 
differential diagnosis of mesothelioma includes metastatic carcinoma,
bronchogenic carcinoma, and unusual tumors such as sarcomas (3) and
small cell desmoplastic carcinoma (4). Occasionally, measurements 
of simian virus 40 (SV40) components are of particular interest to
research scientists and those involved in clinical therapeutic trials for
mesothelioma.
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Table 23.2. Questions for clinicians to address
Should aggressive therapy be instituted?
Should research approaches be applied to the individual patient?
Should the patient be referred to a distant center or treated locally?
Diagnostic approach: tissue biopsy technique (e.g., pleural biopsy, video-assisted thoracotomy, or 

open thoracotomy)?
Pathology considerations:

Should the specimen be sent to a pathologist with particular mesothelioma expertise?
Should lung tissue be obtained for asbestos content analysis?
Should SV40 be sought in the tumor tissue?

What exposures have occurred?
Should the patient be encouraged to file a legal action (workers’ compensation or tort)?
Are other coworkers or family members also at risk?



Measurement of Asbestos in Lung Tissue

Asbestos, particularly the amphibole varieties closely associated with
mesothelioma, is biopersistent and therefore can be measured many
years after exposure, thus providing a useful adjunct to a complete
occupational and environmental exposure history. Tissue analysis for
asbestos fibers (see Chapters 16 and 17) is a specialized technique avail-
able in only a limited number of laboratories. Furthermore, this specif-
ically requires biopsy of lung tissue in addition to mesothelioma tumor
tissue, since the latter is not a reliable estimate of the lung burden of
asbestos fibers. Now that VAT is widely available, the ease of doing
such lung biopsy is facilitated.

Although not as precise as analysis of lung tissue, bronchoalveolar
lavage fluid may also be evaluated for the presence of asbestos fibers
and bodies (5,6). Asbestos fiber levels in MM patients’ lungs are typi-
cally higher than those of exposed persons without disease, but are
lower than those of asbestosis patients (7,8). Asbestos bodies, while less
specific, show a similar pattern (9).

Currently, the presence or absence of significantly elevated levels of
asbestos in tissue does not affect the diagnostic or therapeutic approach
to patients with MM. However, it may be important in obtaining appro-
priate compensation for an individual by demonstrating definitively
that there has been excessive asbestos exposure. While we do not advo-
cate performance of lung biopsy simply for medicolegal reasons, fiber
analysis often should be done if a lung biopsy is performed for other
reasons. Furthermore, there may be a public health impact of demon-
strating that an individual has had significant exposure. A case of MM
may be considered a “sentinel event” (10) in a population, indicating
a more general exposure has occurred. It may thus help to identify
others who are at risk of asbestos-related diseases. For example, tissue
analysis demonstrating that a case of pulmonary fibrosis was due 
to tremolite asbestos contamination of vermiculite helped identify a
population of workers that had similar exposures (11).

Determination of Simian Virus 40 Status

Simian virus 40 has been associated with many MMs (see Chapter 3).
While it can be reliably detected in paraffin specimens, fresh tissue is
preferable. Therefore, if the clinician feels that this should be done,
arrangements should be made in advance to process the specimen
when it is obtained. For example, it may be either transmitted im-
mediately or quick frozen for subsequent analysis without paraffin
embedding. Because its measurement depends upon polymerase chain
reaction (PCR) techniques, laboratory contamination must be assidu-
ously avoided.

When is SV40 analysis advisable? At the current time, the presence
or absence of SV40 does not materially affect the therapeutic approach.
However, there are rapidly evolving developments in this field, and its
measurement may become more important in the future. Presence of
SV40 is a significant prognostic factor (12), and determination of SV40
is important for research, to improve the understanding of the etiology
of this tumor.
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Counseling Patients at Risk

Patients frequently ask their physicians about their risk of developing
asbestos-related disease such as mesothelioma due to widespread
public attention to the health effects of asbestos. Clinicians become
involved in the assessment and communication of risk of mesothelioma
in several distinct situations: (1) Mesothelioma patients often inquire
whether their tumor was exposure related. (2) Relatives or coworkers
of an MM patient who also have had exposures to asbestos or SV40
usually have great concern about their personal risk. (3) Currently
healthy patients who have had extensive occupational exposure to
asbestos need counseling. (4) Patients with limited asbestos exposure
also are often concerned. (5) In the future, as information about SV40-
contaminated polio vaccine becomes more widespread, patients who
received polio vaccine in the 1950s may ask about risk.

The level of anxiety among relatives and coworkers of a mesothe-
lioma patient may be considerably greater than that of an individual
with incidental low-level short-term asbestos exposure. However, 
even in the latter situation, some individuals may have a great deal of
concern. Mesothelioma risk is of particular concern for individuals who
have been exposed to very low levels of asbestos. Unlike individuals
who have had high-level, long-term occupational exposure, for whom
mesothelioma is only one of several risks (also asbestosis, pleural
plaque, bronchogenic carcinoma, etc.), MM is the only concern with
low-level, short-term exposures to amphiboles. Thus, while the
absolute risk is much lower than for the occupationally exposed group,
the mesothelioma focus is greater.

Physicians should first assess personal risk (integrating estimates 
of personal exposures with general epidemiologic and toxicologic
studies). Then, this information should be communicated effectively in
terms the patient can understand (e.g., “1 ¥ 10-6” is not meaningful to
most persons). An individual who nonchalantly accepts the risks of
drinking beer, driving without a seatbelt, and skiing may be much
more concerned about the much lower risk imposed by inadvertent
exposure during asbestos abatement in an office building. The attitude
of individuals towards risk is only partially related to the quantitative
risk itself. Actual risk may be much lower in community rather than 
occupational exposures, but several factors common in low-level 
community-based exposure settings amplify the perception of risk (13).
These include (1) the involuntary nature of risk: drinking and driving
is a personal choice, but breathing asbestos or receiving a contaminated
vaccine is completely out of the control of the individual. (2) Unfamil-
iarity: automobile accident deaths are familiar to most persons, but MM
is not a familiar problem. Hence, the level of concern is greater for this
disease than for others, such as bronchogenic carcinoma, with which
many individuals have had some personal experience in relatives or
coworkers. (3) “Invisible” agents generate more concern than some-
thing that can be sensed. (4) “Exotic” risks always generate more
concern than more familiar hazards, even if they constitute a lower
actual risk; asbestos and SV40 are exotic. (5) Risk to children rather than
adults creates great concern.
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Assessment of Individual Risk

Several factors determine the likelihood that an individual will develop
MM. Risk may vary from very significant in long-term exposed persons
to very low in other settings. These factors are summarized in Table
23.3. Furthermore, a similar approach is applicable in determining
whether an individual case of MM is likely to have been attributable
to a specific exposure (job, agent, etc.). There is a “natural” background
risk of MM, although it is relatively low (1). The possible combination
of persistent amphibole deposits in the lungs of children and the uncer-
tainty as to the thresholds has raised considerable professional and
public anxiety about the risk of these children developing MM later 
in life. In fact, these risks are extremely small as judged by airborne
sampling in such schools (14,15). However, numinous societal anxieties
remain, which can only be countered by thoughtful explanation of the
real magnitude of the risks (13).

Type of Asbestos

Asbestos is a commercial term referring to a group of minerals with
different morphology, surface characteristics, and chemical composi-
tion. The two major commercial categories are chrysotile and amphi-
bole. In United States, chrysotile has accounted for most of the
commercially applied asbestos, but amphibole asbestos is much more
closely associated with mesothelioma risk. Therefore, knowing the
amount of chrysotile versus amphibole exposure in an individual can
help delineate the actual risk of MM.

While there is a general consensus that the mesothelioma risk posed
by amphibole is much greater than that from chrysotile, there is still
debate about whether the risk of chrysotile is zero or simply “very low”
(16). The commercial categories of amphiboles (crocidolite, amosite,
and anthophyllite) and the serpentine (chrysotile) show a descending
mesotheliogenic potential, as shown particularly by South African
(17,18) and United Kingdom (19) studies. Some of the Canadian mines
have been chrysotile contaminated with the noncommercial amphibole
tremolite; workers in mines with higher proportions of tremolite have
a greater mesothelioma risk.

Epidemiologic studies have not been able to define whether chrys-
otile per se is associated with mesothelioma because of concomitant
exposure to amphibole. Studies of tissue from individuals with
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Table 23.3. Factors affecting individual risk
Asbestos type
Latency
Employment

Job
Tasks
Protective equipment

Family history
Simian Virus 40 exposure (not yet proven)



asbestos-related disease and from the general population have been
unable to fully resolve this issue because of the frequent contamination
of chrysotile with amphibole. In addition, chrysotile tends to fragment
or dissolve more quickly than does amphibole. The tissue levels found
on biopsy or autopsy may not reflect the actual exposures of individ-
uals many years previously, but rather will progressively underrepre-
sent the amount of chrysotile.

Tremolite, at least in its fibrous habitat, is a powerful mesothelioma-
genic agent present in rocks and soils in Asia, Europe, Australia, and
the United States, notably California and Montana. It is responsible for
MMs in the populations of Cyprus, Christmas Island, and in Libby,
Montana. The nonasbestos fibrous zeolite is also an important cause of
MMs in Turkey (20). Finnish anthophyllite appears to have a low risk
(21). Certain refractory ceramic fibers, a synthetic product, induce
mesotheliomas in animals (22).

The potential MM threshold from crocidolite is lower than that re-
quired for asbestosis, but the precise value is debated.

Familial Factors

Familial factors have also been invoked with asbestos in MM causation
(23). Since families share both genetics and early, particularly child-
hood, environment, it is difficult to differentiate between these two
factors and any potential interaction.

Duration and Era of Work

Certain jobs or tasks have had significant potential for asbestos expo-
sure. The duration of work in these jobs is related to cumulative dose.
Some jobs (e.g., insulation worker, pipe fitter, gas mask producer, steam
fitter) are well known to entail asbestos exposure, but many other jobs
also have had significant exposures.

Knowing the period during which the work was conducted can give
insight into the probable extent of exposure. Professional opinion about
the quantitative risk exposure and implementation of exposure con-
trols have evolved over the past several decades. For example, it was
only in 1970 that the use of asbestos-containing products in consumer
settings was outlawed in the United States. The level of workplace
exposure that was considered “legally permissible” has changed over
time. For example, the U.S. Occupational Safety and Health Adminis-
tration (OSHA) standards now allow 0.1 fiber per cubic centimeter,
whereas in the past, it allowed five fibers per milliliter (24). The use of
amphiboles is now rare, but historically it occurred in the 1940s to the
late 1960s, thus leaving a long-term legacy of MM, increasingly appar-
ent during the 1990s and 2000s.

Certain tasks and work processes are associated with greater expo-
sure than others. For example, dry transfer of bulk asbestos is associ-
ated with a much higher level exposure than is work in a wet state. For
some tasks, such as automotive brake-lining work, results are incon-
sistent (25–27). Work with unencapsulated asbestos leads to much
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greater levels of exposure than work with asbestos in a matrix; for
example, vinyl asbestos tile includes considerable asbestos, but usually
the particle size is so large that the amount reaching the distal lung is
low.

Therefore, the clinician should inquire about the specific occupations
and locations, dates over which the work was done, tasks performed,
details of tasks (e.g., wet or dry), and the proportion of time spent in
each task.

The clinician should also look for other signs of asbestos exposure
(e.g., pleural plaque) as part of the clinical evaluation if there is concern
about mesothelioma risk. Similarly, in an individual with a mesothe-
lioma, it is useful to look for other indicators that provide insight into
the asbestos dose. For example, the hemithorax not involved with the
tumor should be carefully examined by radiographic imaging tech-
niques (plain radiographs or CT scan) for pleural plaque formation. In
addition, it is useful to search for radiographs obtained several years
prior to recognition of the MM.

A full occupational and environmental history should be obtained.
Often, however, patients may be unaware of some sources of asbestos
exposure (28). As discussed earlier, tissue biopsy can facilitate deter-
mination of asbestos burden in the lungs.

Latency is the duration of time since the first exposure. Generally,
MM does not develop for many years (typically 20 to 30) after expo-
sure. Hence, a malignancy developing very soon after an exposure is
not likely to be related to that exposure. Several statistical modeling
studies suggest that with very long latency the risk may begin to
decline.

The presence of other asbestos-related disorders influences the risk
of mesothelioma. There are clear data that bronchogenic carcinoma risk
is significantly affected by the presence or absence of asbestosis (pul-
monary fibrosis). This has not been well demonstrated for MM. Also,
while the presence of a pleural plaque is statistically associated with
an increased risk of MM, this is likely to be an indirect relationship
rather than implying that the plaque itself is a risk factor for mesothe-
lioma (29,30). That is, since pleural plaques occur more frequently in
persons with asbestos exposure, it is the exposure, not the plaque per
se, that constitutes the risk for an individual with the plaque. A simi-
larly exposed person without a plaque probably has similar mesothe-
lioma risk to someone with a pleural plaque if exposures were the
same.

Cigarette smoking is a major risk factor for the development of bron-
chogenic carcinoma, but not for MM.

Selecting Treatment

Clinicians must guide patients in selecting the optimal treatment.
Major questions include:

1. Should treatment be done in a hospital close to home or in a major
research center, even if away from home?
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2. Should the patient accept randomization into a clinical trial, or
should the patient’s clinician be allowed to make all decisions on a
purely empiric basis?

3. Because mesothelioma, despite therapeutic advances, is often
fatal, clear planning for end-of-life care is needed. For example, the clin-
ician should help prepare the patient and family for the need for pal-
liative care. Questions about whether death at home or in a hospice is
preferable should be considered.

Counseling Patients about Legal Aspects

Appropriate counseling should alert patients and their families to 
the possibility of compensation, including workers’ compensation and
tort-based benefits. However, the decision about instituting a claim
should be made by the patient, and the clinician only serves as a
general source of information. Needless to say, physicians should not
try to be lawyers.

Because of the ubiquitous legal involvement in MM, primary 
clinicians should advise their patients to clearly identify the role 
of clinicians with whom they interact. The primary physician of a
mesothelioma patient should help identify those clinicians whose inter-
actions with the patient may be affected by the adversarial legal system.

In many states, clinicians have a legal responsibility to report work-
related cases to the appropriate public health or regulatory authority.
For example, in the state of California, it is a crime to withhold infor-
mation from the state about a probable work-related condition such as
mesothelioma.

Primary and Secondary Prevention Programs

The best “treatment” is prevention. Careful control of exposure to
asbestos, based on the current understanding of risk, can help prevent
future cases. Nevertheless, because of the population’s asbestos burden
acquired in prior years, when less attention was paid to asbestos
control, asbestos-related mesotheliomas cases are likely to occur for at
least 20 more years (1,31–34).

Active screening for case detection of MM is not currently advisable.
In the future, studies may possibly demonstrate that recent advances
in treatment create a situation in which early detection significantly
improves therapeutic outcome; then, appropriate targeted screening
programs may be advisable from a public health perspective.
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24
Clinical Presentation and Natural
History of Mesothelioma: 
Pleural and Pericardial
A. Philippe Chahinian

This chapter reviews the clinical features of two types of malignant
mesothelioma—pleural and pericardial. Although such distinction
refers to the cavity of origin of this neoplasm, it is well known that each
of these can spread to the other cavity when tumor progression occurs.
In a total of 1496 cases of mesotheliomas reviewed pathologically,
Suzuki (1) found the primary site to be pleural in 73.1%, peritoneal in
23.7%, and pericardial in 0.3%. The remainder (2.9%) had multicavitary
involvement.

Malignant Pleural Mesothelioma

Clinical Presentation

Demographics and General Characteristics
There is uniformly a preponderance of males in all clinical series (Table
24.1) (2–8). This could be related to more common exposure to asbestos,
the most important etiologic factor, in males. Men account for 68% to
79% of all cases of pleural mesotheliomas.

Mean and median age at diagnosis are usually between 54 and 59
years, with a very wide range. In fact, pleural mesothelioma can occur
at any age, even in children. In a review of 80 cases of malignant
mesothelioma in children, mean age was 9.7 years and 59% were boys
(9). History of possible asbestos exposure was noted in two children.
In addition, one patient had received radiotherapy for Wilms’ tumor,
and another one had a history of exposure to isoniazid in utero.

For pleural mesothelioma, the right side is more commonly involved,
accounting for about 55% to 65% of cases. This could probably be
explained by the preferential inhalation of asbestos fibers in the right
lung.

Clinical Symptoms and Diagnosis
Typically the onset of symptoms is gradual and insidious (Fig. 24.1).
Since the most common initial manifestation of pleural mesothelioma
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Table 24.1 Clinical characteristics of patients with pleural mesothelioma
First Author Ratzer (7) Chahinian (3) Brenner (6) Adams (4) Ruffie (8)
(Reference) Year 1967 1982 1982 1986 1989
No. of Cases n = 31 n = 57 n = 123 n = 92 n = 332

Age (years)
Mean/median Med. 54 Mean 58 Med. 56 Mean 59 Mean 59
Range 13–70 24–75 5–77 28–80 22–88

Sex M (%)/F (%) 68/32 78/22 68/32 77/23 79/21

Initial symptoms (%)
Dyspnea 6 37 29 59 29
Chest pain 71 33 37 69 33
Both dyspnea and pain 19 26 28
Cough 13 16 24 27 3
Hemoptysis 6 0 1
Hoarseness 0 3 1
Dysphagia 0 1
Weight loss 14 24 29
Fever 9 33 3

Asymptomatic (%) 4 4 3

Pleural effusion (%) 74 95 79 84
right (%)/left (%) 65/45 66/34 58/42 55/42

Symptoms to diagnosis
Median 2mos 3mos 3.5mos
Range 0–50mos 0.5–24mos
Delay >6 months (%) 25 28

Figure 24.1. This former asbestos worker was followed by routine periodic chest x-rays. A: A normal
x-ray in April 1977. B: Minimal changes on the right side of the diaphragm and blunting of the right
costophrenic angle in January 1979. These were the initial signs of pleural mesothelioma.
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is a pleural effusion (Fig. 24.2), symptoms are dominated by dyspnea
or chest pain. Initial symptoms in representative series are shown in
Table 24.1. In our own experience based on 57 patients with pleural
mesothelioma, initial symptoms were dyspnea (37%), chest pain (33%),
both dyspnea and chest pain (26%), cough (16%), weight loss (14%),
and fever without infection (9%) (3). The disease was discovered by
routine chest x-ray in only 4% of patients. At this early stage, the degree
of dyspnea is often related to the amount of pleural effusion, which
occurs in up to 95% of patients (2,3). Chest pain is of the pleuritic type
only in 10% of patients (4). More often, it is a steady pain localized to
the involved hemithorax. The intensity of the pain is variable, from a
dull twinge to a severe ache (7). Fever can be accompanied by night
sweats and lead to an erroneous diagnosis of infection, particularly
tuberculosis. Other presenting symptoms include, rarely, hemoptysis,
dysphagia, Horner’s syndrome, and hoarseness (8). Rare acute pre-
sentation can occur in less than 10% of patients and are due to spon-
taneous pneumothorax or acute hemothorax (8).

The presentation of pleural mesothelioma can be particularly chal-
lenging in young patients, where the index of suspicion is very low. We
previously reported our experience with mesothelioma in young adults
(age <40 years). Ten cases were seen at the Mount Sinai Hospital in New
York between 1974 and 1987 out of a total of 181 patients with mesothe-
lioma (10); six were pleural and four peritoneal, and age ranged from
24 to 39 years. Seven cases had a history of asbestos exposure, includ-
ing five by household exposure, usually through the father. The median
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Figure 24.2. Chest x-ray of the same patient as in Figure 24.1 at presentation
in July 1979. Massive right pleural effusion. Pleural biopsy showed malignant
epithelial mesothelioma.



latency period between first exposure and diagnosis was 19 years
(range 13–34 years). Diagnosis was not suspected in most cases, and
the median delay in diagnosis was 5.5 months. The presenting symp-
toms were diverse and included pain or dyspnea, malaise, cough, and
fever. Pain was located at various sites, including any area of the
thorax, but also the back or subscapular area. It is therefore important
for the clinician to be aware of the possibility of this diagnosis even in
young individuals or in children.

Physical findings are almost completely limited to those of a pleural
effusion (11). Horner’s syndrome is uncommon at this stage. Clubbing
is also rare and was reported in about 6% of patients (2). Cardiac abnor-
malities on initial examination include a pericardial rub (2/57 patients),
pericardial knock (1/57 patients), and a murmur of pulmonic stenosis
(1/57 patients) (3). Electrocardiographic changes included right bundle
branch block (5/57 patients), sinus tachycardia (3/57 patients), non-
specific ST-T changes (3/57 patients), atrial flutter (1/57 patients), and
left anterior hemiblock (1/57 patients) (3). The possibility of early peri-
cardial involvement should be considered and evaluated in such cases.

The median interval between first symptom and diagnosis is 2
months, but in our series 25% of patients had symptoms more than 6
months before diagnosis was made (3). Results of radiologic investi-
gations are described elsewhere. Thoracentesis yields a serous to
bloody fluid with the characteristics of an exudate (12). Pleural fluid
glucose concentration can be low (12), while high levels of hyaluronic
acid are highly suggestive of mesothelioma (13). Cytologic diagnosis is
difficult. It shows malignant cells in about 35% of cases, but the diag-
nosis of mesothelioma is made in 10% or less (8,14). Percutaneous
pleural needle biopsy can yield the diagnosis in about one third of cases
(8). The cytologic and pathologic characteristics of mesothelioma are
described elsewhere. Mesothelioma is an important cause of “idio-
pathic” pleural effusion. In 51 patients with pleural effusion of inde-
terminate etiology seen at the Mayo Clinic, four were subsequently
diagnosed to have malignant mesothelioma (15). When the suspicion
of mesothelioma is high enough based on the clinical and radiographic
signs, and especially if a history of asbestos exposure is obtained, inva-
sive procedures to obtain a final diagnosis are necessary and include
thoracoscopy or thoracotomy.

There is a lack of positive serum markers currently available for the
diagnosis of mesothelioma. Serum carcinoembryonic antigen (CEA) is
usually within normal limits and is an important marker to distinguish
adenocarcinoma from mesothelioma (2). On the other hand, an ele-
vated serum level of hyaluronic acid may prove useful in differentiat-
ing mesothelioma from other tumors, or to follow the effect of
treatment (2). The levels of CA-125 can also be elevated in mesothe-
lioma. CA-125 is expressed in the nonneoplastic mesothelium and has
been detected in 63% of malignant mesothelioma cells by immunohis-
tochemistry, without a clear-cut correlation with serum levels (16). In
32 patients with malignant mesothelioma, we found an elevated serum
level of CA-125 (<35U/mL) in 44% (median 152U/mL, range 47.6 to
1441U/mL) (17). Serum levels of CA-125 were more often elevated in
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cases of sarcomatous or mixed types (67%) as opposed to epithelial
type (35%). Elevated levels were observed both in men (46%) and
women (37.5%).

Paraneoplastic Syndromes

The most common paraneoplastic syndrome in pleural mesothelioma
is thrombocytosis. We first reported this association in 1982 (3). Throm-
bocytosis (as defined by a platelet count above 400,000 per microliter)
was seen in about 40% of patients at diagnosis and in up to 90% of
patients during the course of the disease, a finding that has been con-
firmed by others (8,16). In addition, thrombocytosis has been linked to
a poor prognosis (8,19). It has been suggested in a case of peritoneal
mesothelioma that thrombocytosis was secondary to the large amounts
of interleukin-6 (IL-6) produced by tumor cells (20), and this was con-
firmed in 25 patients with pleural mesothelioma (21). We found that
serum levels of IL-6, as well as reactive proteins (C-reactive protein, 
al-acid glycoprotein, and fibrinogen) to be significantly higher in
mesothelioma patients than in those with adenocarcinoma of the lung
(21). There was a correlation between platelet count and serum IL-6
level. Levels of IL-6 in the pleural fluid of mesothelioma patients were
even markedly higher than serum levels. In contrast, both serum and
pleural fluid levels of tumor necrosis factor-a (TNF-a) were low in
mesothelioma patients.

A full leukemoid reaction is much less common. Other hematologic
manifestations include clotting abnormalities (venous thrombosis, 
pulmonary emboli) not necessarily associated with thrombocytosis, 
as well as disseminated intravascular coagulation and autoimmune
hemolytic anemias (2,8). Rare associations with mesothelioma in-
clude the syndrome of inappropriate antidiuretic hormone secretion
(SIADH), hypoglycemia, and hypercalcemia (2,8). Hyponatremia has
been reported in as many as 62% of patients with pleural mesothe-
lioma, but its degree was minimal (mean ± standard deviation = 138 ±
5.4mmol/L). It was hypothesized that rather than being secondary to
ectopic secretion of ADH, it was due to ADH hypersecretion through
a vagal reflex, either from involvement of pulmonary baroreceptors or
by direct vagal stimulation by tumor (22). Parathyroid hormone–like
peptide has been identified in mesothelioma cells, as well as in normal
and reactive mesothelial cells (2).

Clinical associations that have been observed in patients with
mesothelioma include various immunoproliferative disorders, partic-
ularly of B-cell origin (2,23). They include multiple myeloma, plasma-
cytoma, lymphocytic lymphoma, and chronic lymphocytic leukemia.
A case-control study showed an association between occupational
exposure to asbestos and large-cell lymphomas of the gastrointestinal
tract and oral cavity (24). These observations provide further signifi-
cance to immunologic abnormalities related to asbestos exposure and
mesothelioma. Clinical observations also strongly suggest a genetic
susceptibility to mesothelioma. Clusters of cases have been reported 
in some families, often by household exposure to asbestos, and also in
identical twins (2). Similar observations were made after exposure to
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erionite in Turkish villages (25). The growing knowledge of the genetic
changes associated with mesothelioma will better explain these obser-
vations and shed more light on the pathogenesis of the disease.

Differential Diagnosis

Benign mesotheliomas are solitary fibrous tumors of pleura and are
usually not related to asbestos exposure. These tumors of the visceral
or parietal pleura are often pedunculated, and pleural effusion is excep-
tional. Most are benign, although a malignant form does rarely occur.
Paraneoplastic syndromes that have been observed include clubbing
and osteoarthropathy seen in up to 20% to 50% of cases, hyponatremia
attributed to SIADH, and hypoglycemia (2).

A very difficult differential is related to the so-called benign asbestos
pleurisy, which occurs in about 3% to 5% of asbestos workers (2). Its
latency period from first exposure to asbestos is usually less than 
20 years, making it the earliest abnormality, compared with other
asbestos-related pleural diseases, such as mesothelioma, pleural
plaques, and pleural calcifications. Confusion with malignant mesothe-
lioma is common in view of a history of asbestos exposure and a bloody
pleural fluid in the majority of cases. In contrast with malignant
mesothelioma, however, the pleural effusion resolves spontaneously,
but ipsilateral relapses are frequent and contralateral disease may
appear. Pleural biopsy shows dense fibrosis with scattered nonmalig-
nant cells. Close follow-up is necessary, since some patients have devel-
oped malignant mesothelioma 6 to 12 years after such an episode.

It is also difficult to distinguish malignant mesothelioma from meta-
static carcinomas and sarcomas. Confusion with a peripheral adeno-
carcinoma of the lung metastatic to the pleura is frequent, not only on
frozen sections but also on fixed paraffin sections. The pathologic dif-
ferential diagnosis is discussed elsewhere. Recognizing mesothelioma
as the cause of a malignant pleural effusion is important in order to
avoid a time-consuming, fruitless, and expensive workup in search of
another primary site.

Natural History

The natural history of pleural mesothelioma is of relentless growth in the
hemithorax with early involvement of surrounding structures including
lung, diaphragm, chest wall, pericardium, mediastinum, and direct
spread to the peritoneum and contralateral hemithorax (Fig. 24.3) (2,3).
Seeding within the track of needle biopsy or surgical incision is also
common (Fig. 24.4). Gradual thickening of the involved visceral and
parietal pleura leads to constriction of the hemithorax, and obliteration
of the pleural space with decrease or disappearance of pleural effusion
at that stage, leading to a “frozen” hemithorax. Characteristic symptoms
are increasing pain and dyspnea. Cardiac findings are common at this
stage and were reviewed in 64 patients with pleural mesothelioma at our
institution (26). The electrocardiogram was abnormal in 89% of patients.
Over half (60%) had an arrhythmia, including sinus tachycardia (42%),
premature atrial or ventricular contractions (13%), atrial fibrillation
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Figure 24.3. Massive chest wall involvement in a patient with pleural 
mesothelioma.

Figure 24.4. Seeding at the surgical scar of prior chest tube insertion in a
patient with pleural mesothelioma.



(3%), and atrial flutter (1%). Over one third (37%) had a conduction
abnormality, such as complete or incomplete right bundle branch block
(27%), or left anterior or posterior hemiblock (8%). Low-voltage QRS
was seen in 3% only, and no patient had a left bundle branch block.

Although the clinical picture remains dominated by the local disease,
metastases are common and include possible lymphatic spread to
mediastinal, cervical, axillary, retroperitoneal, and mesenteric lymph
nodes, as well as hematogenous metastases to liver, spleen, adrenals,
bone, gastrointestinal tract, pancreas, kidneys, uterus, bone marrow,
and even brain (3,27). Such metastases are often found at autopsy,
where only 20% of patients with pleural mesothelioma had disease
limited to the thorax (2,3), but these metastases rarely contribute to
death. It is noteworthy that at autopsy, cardiac invasion to pericardium,
epicardium, and even myocardium was found in 74% of patients, most
often by direct invasion, and thromboembolic events were noted in 28%
(3,27). Two cases of calcified liver metastases have been reported
(28,29). These calcifications were attributed to degenerative changes
and necrosis of metastases.

In our experience, median survival was 17 months from first symp-
toms and 13 months from diagnosis, with a survival of 56% at 1 year
and 22% at 2 years following diagnosis (3).

Malignant Pericardial Mesothelioma

Whereas pleural mesothelioma commonly spreads to the pericardium,
primary pericardial mesothelioma is exceptional but has been well
described. It was previously reported under various names including
coelothelioma, endothelioma, and endothelial carcinoma (30). Like
pleural mesothelioma, histologic types can be epithelial, sarcomatous,
or mixed (30,31). Asbestos exposure has been reported, and in prospec-
tive studies was found to definite in three of 15 cases (20%) and pos-
sible in four of 15 (27%) (32). In further support of this association,
asbestos bodies have been occasionally identified within pericardial
mesothelioma (33).

Pericardial mesothelioma accounts for about half of all pericardial
tumors (34,35). More than 80 cases were reported by 1967. Only a 
small fraction of patients (less than 20%) had been diagnosed ante-
mortem. Since then progress in imaging and biopsy techniques have
allowed definitive diagnosis at presentation. In a more recent review, a
total of 28 cases were reported in the English literature from 1972 to 1992.
The mean age was 47 years, asbestos exposure was documented in 14%
and prognosis remained poor (31). There are over 200 cases reported
worldwide (33). In the review by the Armed Forces Institute of Pathol-
ogy (AFIP), Washington, DC, on 59 patients, the mean age was 46 years,
ranging from 2 to 78 years. The male/female ratio was 2 :1, somewhat
lower than the ratio reported in pleural mesothelioma (33).

A variety of clinical symptoms have been observed, from those of
pericardial effusion (often bloody) with dyspnea and pain, to those of
constrictive pericarditis or vascular compression (superior vena caval
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syndrome, constriction of great vessels) (34). Cardiac tamponade can
be the revealing event, or can occur later, often as a terminal manifes-
tation (36). Echocardiography reveals pericardial thickening or effu-
sion, but a mass is detected in only 12% of patients (31). Computed
tomography similarly reveals various degrees of pericardial thickening
and fluid, and a mass is seen in 44% of cases (31). In addition, search
for pleural involvement as well as signs of asbestos exposure (pleural
plaques and calcifications) is important. Magnetic resonance imag-
ing is most useful in assessing the disease and evaluating its extent (37).
Effusion cytology revealed malignant cells in only 20% of cases (31).

Although pericardial mesothelioma can occasionally mimic tuber-
culous pericarditis, lupus erythematosus, rheumatic fever, or even car-
diac myxoma (33), the major differential diagnosis includes metastatic
tumors to the pericardium, by far more common and which can be seen
in almost any type of carcinoma, leukemia, and lymphoma. It is often
difficult to differentiate mesothelioma from metastatic adenocarci-
noma, and special stains as well as electron microscopy are useful.
Other primary malignant cardiac tumors, which are usually sarcomas
(38), can also be difficult to distinguish from pericardial mesothelioma,
especially in its sarcomatous form. Angiosarcoma is the most com-
mon primary cardiac malignant tumor and its gross aspect can mimic
mesothelioma (33,38). Immunohistochemical stain for factor VIII–
related antigen can be helpful, since it is usually positive in angiosar-
coma (33). Finally a biphasic aspect (mixed epithelial and sarcomatous)
is very characteristic of mesothelioma but two other tumors can present
a similar histologic dichotomy, including synovial sarcoma and invasive
thymoma (33). The diagnosis of these tumors require detailed gross and
microscopic evaluation, which are beyond the scope of this chapter.

Mesothelioma of the atrioventricular node is very rare (about 50
cases reported), and usually is minute or even microscopic (2). Partial
or complete nodal heart blocks and sudden death are the major conse-
quences of this tumor. Two thirds occurred in females, and age ranged
from an 8-month-old fetus to an 86-year-old woman. The natural
history of pericardial mesothelioma, like its pleural counterpart, is of
relentless growth. These tumors are usually diffuse, covering most of
the heart, often obliterating the pericardial cavity, and may invade the
myocardium and invade surrounding tissues (pleura, lung, mediasti-
nal nodes). Distant metastases have also been seen occasionally (34,36). 

Treatment is usually purely palliative, and 50% to 60% of patients are
dead within 6 months (33,34). The prognosis of pericardial mesothe-
lioma appears clearly worse than that of pleural or peritoneal mesothe-
liomas (AFIP). Only one patient was reported to be alive at 5 years,
following treatment with partial surgical resection and radiation (35).
Another patient survived 1 year after similar treatment.

Addendum

Since submission of this manuscript, another marker for mesothelioma
has been identified. Mesothelin is a differentiation antigen originating
from a precursor protein processed to a 40 kDa cell membrane-bound
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protein and a soluble 31 kDa fragment also called megakaryocyte-poten-
tiating factor (39–41). Mesothelin seems to be normally expressed only in
mesothelial cells, and its biologic function is unknown, but it may have 
a role in cell adhesion. Interestingly it can bind to CA-125 (41). It does 
not seem to affect platelet production in humans. Elevated serum levels
of soluble mesothelin have been reported in 37 (84%) of 44 patients 
with malignant mesothelioma, and in only 3 (2%) of patients with other
cancers or inflammatory lung or pleural diseases (39). However elevated
serum levels have also been found in other tumors including ovarian,
pancreatic, and other carcinomas. The role of mesothelin as a therapeu-
tic target merits further investigations.
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25
Clinical Presentation and Natural

History of Mesothelioma:
Abdominal

Claire F. Verschraegen, Charles R. Key, and Raffit Hassan

Epidemiology and Etiology

The Surveillance, Epidemiology, and End Results (SEER) database
showed 5266 cases of mesothelioma (all sites) recorded from 1973 to
1999. The age-adjusted incidence rate of the year 2000 United States
standard is 9.7 cases per 1,000,000. The 95% confidence interval rates
are 9.4 to 10 cases per 1,000,000. These numbers have not changed
much from a previous survey done over 15 years ago (1). Table 25.1
shows the incidence around the country. Seattle and the San Francisco
Bay area have higher incidence rates than other regions, especially for
males. This increased incidence is related to shipyard work, especially
since World War II (2). Usage of asbestos for ship building resulted in
long-term exposure of workers for the past 60 years.

Mesothelioma occurs in different anatomic sites that contain
mesothelial layers. The most common site is the pleura, followed by
the peritoneum, the pericardium, the male genitalia, miscellaneous,
and female genitalia. The peritoneal incidence by gender is different
from the pleural incidence (Table 25.2). Proportionally, more women
develop peritoneal mesothelioma, with an incidence of 24% versus 8%
for males, using mesothelioma from any anatomic site as the denomi-
nator. In absolute numbers, more males are diagnosed with abdominal
mesothelioma, with a frequency of 54.7% versus 45.3% for women (3)
(Table 25.3). In the SEER database, the median age at diagnosis was
between 65 and 69 years old for males and females. This is slightly
higher than the age of the reported case in the literature (Table 25.4).
By race, the incidence rates are highest for whites, followed by blacks,
and then others.

Asbestos is the best-known environmental agent linked to the devel-
opment of mesothelioma (see Chapter 2) (4). The literature on asbestos
as a cause of pleural/pericardial plaques, asbestosis, and mesothelioma
is extensive, and the causal relationship is not discussed in this chapter
(5). The number of patients with mesothelioma differs by anatomic site
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Table 25.1. Mesothelioma rates per 1,000,000 (age-adjusted to the 2000 U.S. standard)—
SEER database

Rate SD Lower CI Upper CI Count Population

Males
Nine SEER registries 18 0.3 17.4 18.6 4,111 299,413,683

San Francisco–Oakland SMSA 25.3 0.9 23.7 27.1 922 46,961,380
Connecticut 14.5 0.7 13.3 15.9 524 41,759,293
Detroit (Metropolitan) 13.8 0.6 12.6 15.1 551 52,102,198
Hawaii 13.1 1.1 11 15.5 145 14,400,110
Iowa 11.8 0.6 10.7 13 408 37,370,945
New Mexico 16.8 1.1 14.7 19.2 244 19,228,865
Seattle (Puget Sound) 32.5 1.1 30.4 34.7 970 40,551,415
Utah 15.6 1.1 13.5 18.1 202 22,128,033
Atlanta (Metropolitan) 10.2 0.9 8.4 12.2 145 24,911,444

Females
Nine SEER registries 3.8 0.1 3.6 4 1,155 312,419,050

San Francisco–Oakland SMSA 4.1 0.3 3.5 4.7 203 48,509,072
Connecticut 3.6 0.3 3.1 4.2 177 44,547,659
Detroit (Metropolitan) 3.4 0.2 2.9 3.9 185 56,047,986
Hawaii 2.4 0.5 1.6 3.5 29 13,860,703
Iowa 3.7 0.3 3.1 4.4 163 39,570,791
New Mexico 4 0.5 3.1 5.1 68 19,807,655
Seattle (Puget Sound) 5.9 0.4 5.1 6.7 230 41,064,742
Utah 2.8 0.4 2 3.7 47 22,425,156
Atlanta (Metropolitan) 2.5 0.3 1.9 3.3 53 26,585,286

SD, standard deviation; CI, confidence interval; confidence intervals are 95% for rates; SMSA.
Rates in bold are higher than the mean incidence.

Table 25.2. Incidence by anatomic sites—SEER database
Male and

female Male Female

All sites 5266 4111 1155
Digestive system 621 340 281

Abdominal organs 7 4 3
Retroperitoneum 27 14 13
Peritoneum, omentum, and mesentery 587 322 265

Respiratory system 4532 3711 821
Lung and Bronchus 145 113 32
Pleura 4381 3593 788
Respiratory organs 6 5 1

Soft tissue including heart 34 15 19
Female genital system 17 0 17

Corpus and Uterus, NOS 1 0 1
Ovary 11 0 11
Other female genital organs 5 0 5

Male genital system 29 29 0
Testis 6 6 0
Other male genital organs 23 23 0

Miscellaneous 33 16 17



and by gender (Table 25.3). A higher proportion of women develop the
disease in the peritoneal cavity. Although not all mesotheliomas have
been linked to asbestos exposure, for patients developing a peritoneal
mesothelioma induced by asbestos, exposure to this substance was
usually heavier and longer (6,7). The latency between asbestos expo-
sure and onset of disease is shorter for peritoneal than for pleural
mesothelioma (20 to 30 versus 30 to 40 years) (8).
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Table 25.3. Relative frequencies of mesothelioma diagnosis per site for males and females
Number of Number of Percent Percent

mesothelioma mesothelioma Percent Percent all sites all sites
Site (male) (female) (male) (female) (male) (female)

Abdominal 340 281 54.7 45.3 8.3 24.3
Thoracic 3711 821 81.9 18.1 90.2 71.1
Heart 15 19 44 56 0.4 1.6
Female genital — 17 — 100 — 1.5
Male genital 29 — 100 — 0.7 —
Other 16 17 48 52 0.4 1.5

All sites 4111 1155 78 22 100 100

Table 25.4. Clinical presentation of diffuse malignant mesothelioma
Number of

No. of patients publications Percent with
Characteristic (denominatora) (8,17–22) characteristic

Duration of symptoms
Under 6 months 53/76 4 70
Over 6 months 23/76 30

Age
Under 45 years 26/97 6 27
45–60 years 40/97 41
Over 60 years 31/97 32

Symptoms
Abdominal pain 76/121 7 63
Abdominal mass 31/78 4 40
Increasing abdominal girth 73/105 6 70
Ascites 46/70 5 66
Digestive disturbancesb 10/30 3 33
Fever 11/55 3 20
Weight loss 27/62 5 44
Thrombocytosis 8/35 2 23
Leukocytosis 4/8 1 50

Pathology
Epithelial 67/89 4 75
Sarcomatous 8/89 9
Mixed 14/89 16

a If a symptom is not stated in a publication, the number of patients cited in the publication is not included in the
denominator.
b Including anorexia.



Pathology

To establish the diagnosis, a tissue biopsy is essential (see also Pathol-
ogy of Mesothelioma Section). Without a tissue sample, malignant
stromal invasion cannot be detected (9). The biopsy is usually done by
a laparoscopic exploratory endoscopy of the peritoneal cavity. The his-
tology of mesothelioma encompasses a spectrum that goes from benign
mesothelial hyperplasia (no stromal invasion) to undifferentiated
malignant disease. Mesothelial hyperplasia is usually a tissue response
to inflammation or trauma, and can be associated with other cancers,
presenting a diagnostic challenge. The differential diagnosis includes
diffuse malignant mesothelioma, which also can be a diagnostic chal-
lenge. Mesothelial hyperplasia may be present for years and it occa-
sionally precedes the diagnosis of diffuse malignant mesothelioma. The
different morphologic types of abdominal mesothelial neoplasms that
have been described include localized fibrous tumor, adenomatoid
tumor, well-differentiated papillary mesothelioma, low-grade cystic
mesothelioma, and diffuse malignant mesothelioma (10). The localized
fibrous tumor is extremely rare in the abdominal cavity, in comparison
to the pleural cavity. The adenomatoid tumor type is encountered most
commonly in the genital system, but has been observed on the mesen-
teric surface or the omentum. Low-grade cystic mesothelioma is also
very rare and should not be confused with multilocular peritoneal
inclusion cysts, a benign condition. Well-differentiated papillary
mesothelioma is the most common variant after diffuse malignant
mesothelioma (11,12). It is usually seen in premenopausal women, and
could be an incidental finding. When it is symptomatic, it usually pre-
sents with ascites, or abdominal pain. Asbestos exposure may not be
evident in many well-differentiated cases. Microscopic examination
reveals fibrous papillae covered by a mesothelial cell monolayer; the
nuclear features are bland and mitoses are rare or absent. A tubu-
lopapillary pattern, branching cords, solid sheets of cells, and decid-
uoid morphology (13) are sometimes seen. Most well-differentiated
papillary mesotheliomas are benign or very low grade and should be
observed after diagnostic resection. The differential diagnosis includes
a low-grade papillary serous carcinoma of the ovary or peritoneum.

There have been three major variants of diffuse malignant mesothe-
lioma described: the epithelial, the sarcomatous types, and the mixed
epithelial/sarcomatous type. Pathology and histologic diagnosis is
described in Chapter 31.

Differential Diagnosis

The main differential diagnosis is with adenocarcinoma that invades
the peritoneal cavity, such as primary peritoneal tumor, primary
ovarian carcinoma especially of the papillary serous type (14), adeno-
carcinoma of digestive origin, and, rarely, a peritoneal sarcomatosis or
a gastrointestinal autonomic nerve tumor (13). Sclerosing mesenteritis
sometimes presents a diagnostic problem (15), because of the resulting
mesothelial hyperplasia.
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Clinical Presentation

Typically, the diagnosis takes a long time to establish. Most of my
patients have complained of symptoms for 6 months to more than 2
years prior to diagnosis. In rare instances, patients describe a sponta-
neous remission with a recurrence more than 5 years later. When the
disease becomes symptomatic, patients present with abdominal girth
enlargement, ascites, fatigue, anemia, weight loss, night sweats and
nocturnal fever, and digestive disturbances. It is fairly common for
males to first present with an inguinal hernia, and less often with an
umbilical hernia. Women are sometimes diagnosed because of the
finding of a pelvic mass. Transmural invasion with involvement of the
abdominal musculature is not uncommon, and these patients are
usually diagnosed with a sarcoma, despite the epithelial nature of their
mesothelioma (Fig. 25.1). Some patients have indolent disease, despite
a heavy tumor burden (16). Table 25.4 presents a compilation of 
peritoneal cases reported in seven medical publications (8,17–22). The
most frequent signs are increased abdominal girth with ascites and
abdominal pain.

Late complications of mesothelioma are bowel obstruction, and a
hypercoagulable state. Care should be taken to prevent deep venous
thrombosis and arterial thrombosis, which are relatively frequent in
this patient population.
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Figure 25.1. Abdominal wall involvement in a patient diagnosed with 
peritoneal mesothelioma. Thin arrow, parietal involvement.



The laboratory investigations show an increased platelet count in
about 50% of patients, and sometime an increase in white blood cells.
Low-grade anemia is common. Another feature of peritoneal mesothe-
lioma is that it causes a low serum albumin, in relationship to the peri-
toneal infiltration. This hypoalbuminemia is usually asymptomatic.
The most commonly elevated tumor marker is CA-125, probably a sign
of peritoneal irritation by the cancer; it is seen in fewer than half the
patients.

The staging of peritoneal mesothelioma has not been established in
a reproducible fashion. I distinguish four categories: a localized lesion
that can be fully resected [equivalent to stage I of the Butchart et al (23)
classification], disease contained into the abdominal cavity on the 
peritoneal and organ surfaces that can only be debulked at best 
(equivalent to stage I), disease contained into the abdominal cavity
with intraparenchymal invasion of organs such as liver metastases
(equivalent to stage IV), and disease extending outside of the peritoneal
cavity including lymph node involvement (equivalent to stage III or
IV). The last two categories seem to have a worse prognosis. The SEER
registry differentiates among localized, regional, distant, or unstaged
disease. Of 621 abdominal mesotheliomas, 60 (9.7%) were localized
(primary tumor confined to an organ), 72 (11.6%) were regional (tumor
involving adjacent structures, or with regional lymph nodes), 402 (65%)
were distant (skipped areas between primary tumor and other lesions),
and 87 (14%) were unstaged. Because of the uncertainty of these defi-
nitions, these numbers have to be taken cautiously. The principal indi-
cation from these numbers is that localized peritoneal mesothelioma is
very rare.

Pathophysiology

Though the pathophysiology of malignant peritoneal mesotheliomas is
not well understood, there have been advances in identifying markers
associated with malignant proliferation of mesothelial cells (24). One
such molecule is mesothelin, a cell surface glycoprotein present on
normal mesothelial cells, which is highly expressed in the majority of
patients with epithelial mesotheliomas (25,26). Mesothelin overexpres-
sion is also seen in other tumors including serous ovarian carcinomas,
pancreatic adenocarcinomas and some squamous cell carcinomas. The
exact function of mesothelin is not known but it may be involved in
tumor dissemination. Initially, mesothelin is formed as a 69-kd
polypeptide with a hydrophobic tail, which is probably removed and
replaced by phosphatidylinositol. After glycosylation at one or more of
its four putative N-linked glycosylation sites, it is cleaved by a protease
to yield the cell-bound 40-kd fragment and a smaller N-terminal 
fragment, which is shed. This N-terminal fragment was called the
megakaryocyte potentiating factor (MPF) since it stimulated the
megakaryocyte colony-forming activity of murine interleukin-3 in
mouse bone marrow cell culture (27). Also, MPF could play a role in
the thrombocytosis seen in the majority of patients with malignant
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mesothelioma. Soluble molecules of the mesothelin/MPF family have
also been detected in the serum of patients with ovarian cancer, and
studies are ongoing to see whether mesothelin levels are elevated in
patients with mesothelioma. If this is the case, mesothelin could serve
as a tumor marker for this disease (28).

Mesothelin is also an attractive candidate for targeted therapy, given
its high expression in patients with mesothelioma and limited expres-
sion in normal tissues except normal mesothelial cells. Currently, a
phase I study of a recombinant antimesothelin immunotoxin is ongoing
in patients with mesotheliomas whose tumors overexpress mesothelin
(29).

Treatment

Currently, there is no curative treatment for peritoneal mesothelioma
that is appropriate for the majority of patients. Different modalities 
have been tried, including surgery, chemotherapy, radiation therapy,
immunotherapy, and hormonal therapy (30,31). Many patients receive
no treatment. The SEER database collected the following information.
Of 601 patients for whom treatment records were available, 201 (33%)
did not receive any definitive cancer-directed treatment; however, some
outpatient chemotherapy treatments may have been missed during
data collection. One hundred seven (18%) patients were treated by
surgery only, with a total of 195 patients having surgery during the
course of therapy. One hundred sixty-two patients (27%) received a
medical treatment including chemotherapy with or without hor-
monal therapy. Forty-two patients were irradiated with (n = 26) or
without (n = 16) other therapeutic modalities. Ninety-six patients 
(16%) received two or more treatment modalities. The treatment was
unknown in 17 patients, and two patients received other treatments.
Despite these therapeutic efforts, survival remains poor, as described in
the next section.

Survival

The 5-year average age-adjusted relative survival rate for all mesothe-
lioma collected in the SEER database over 27 years was 8% overall, 5%
for men, and 17% for women. For patients diagnosed with peritoneal
mesothelioma, including the “digestive system” category, the 5-year
survival rates are 16% overall, 10% for men, and 22% for women. These
data indicated that the overall prognosis for patients diagnosed with
peritoneal mesothelioma is better than for patients diagnosed with
pleural disease. This fact has not well been established in the literature
so far (32). Women did better than men, which is also controversial
(17,33) (Fig. 25.2).

Survival data were analyzed for patients who received a mesothe-
lioma-specific treatment versus patients who were not specifically
treated for mesothelioma. Of 601 patients with an abdominal mesothe-
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lioma, 87 were excluded from the survival analysis for the following
reasons: 68 received a diagnosis of a second primary, seven received a
diagnosis at autopsy, six lacked follow-up, and six patients’ mesothe-
lioma had other causes. Of 514 analyzable patients, 339 received a
mesothelioma-specific treatment, 162 did not, and for 13 patients the
treatment was unknown. Median survival was 11 months for treated
patients versus 8 months for untreated patients. At 1 year, survival 
was 47% (±5.5%) for treated patients versus 25% (±7%) for untreated
patients (Fig. 25.3). At 5 years, there was no difference, with 16.5%
(±4.5%) of treated and 11% (±6.4%) of untreated patients surviving.

Analyzing these data over time shows that there has not been any
therapeutic progress within the past 30 years. One-year survival rates
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for treated patients were 47% in the 1970s, 49% in the 1980s, and 44%
in the 1990s.

Conclusion

Peritoneal mesothelioma is a disease that can present with a variety of
abdominal symptoms, the most common one being increasing girth, or
with constitutional symptoms such as fever, night sweats, or weight
loss. The prognosis is variable and cannot be predicted accurately
despite the symptomatology (16). In absolute numbers, more men than
women are affected with this disease; however, the ratio of peri-
toneal/pleural mesothelioma is greater in women. There are two main
types of peritoneal mesothelioma: the diffuse malignant mesothelioma
and the well-differentiated mesothelioma seen usually in pre-
menopausal women. The prognosis of patients with well-differentiated
disease is better, and these patients should be observed as there is no
evidence that treatment improves the prognosis. Patients with diffuse
malignant peritoneal disease should be treated on research protocols,
as the disease is usually fatal and no treatment has been shown to
prolong survival. Multimodality therapy is usually needed in the care
of these patients.
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26
Staging of Mesothelioma
Raja M. Flores and Valerie W. Rusch

Historically, malignant pleural mesothelioma (MPM) was considered
to be a universally fatal disease. Most patients were thought to die
within 2 years of diagnosis, and this nihilism led to insufficient atten-
tion being given to the staging and treatment of MPM. However,
during the past two decades, a few investigators have carefully studied
the natural history and treatment of MPM, and we now have a better
understanding of the prognosis of early stage disease. Patients with
stage Ia tumors can be expected to live up to 2 years without treatment,
and patients who undergo surgical resection for stages I and II disease
usually live more than 3 years. Effective surgical and multimodality
treatments are now available. The surgical mortality of 31% reported
by Butchart et al (1) in 1976 for extrapleural pneumonectomy has
decreased to 4% and 5%, becoming similar to the mortality of standard
pneumonectomy (2). Newer chemotherapeutic regimens, including
gemcitabine/cisplatin and pemetrexed/cisplatin, have shown encour-
aging response rates (3,4). As therapy for MPM improves, accurate
staging for the selection of treatment becomes increasingly important.

History of the Staging of Mesothelioma

Prior to this decade, it was difficult to diagnose and to stage MPM 
accurately. It was frequently misclassified pathologically as metastatic
adenocarcinoma, a diagnostic problem that has now been solved by 
the routine use of a panel of immunohistochemical stains on pleural
biopsies. Chest radiography rather than computed tomography (CT)
was used as the primary imaging modality, leading to tremendous
inaccuracies in clinical stage classification. In addition, there was no
widely accepted staging system, making it difficult to assess the natural
history and to compare treatment outcomes.

Butchart et al (1) proposed the first staging system in 1976 (Table 26.1),
based on their experience with 29 patients who underwent extrapleural
pneumonectomy. However, this study was performed before the ad-
vent of CT and the extent of disease preoperatively was assessed very

402



crudely. Consequently, this study did not permit accurate correlations 
of stage and survival. Also, there was a pathologic bias toward identify-
ing patients with the mixed histologic subtype of MPM. It is now well
known that the epithelioid subtype is the most common form of MPM,
but prior to the routine use of immunohistochemistry and electron
microscopy the mixed subtype was the easiest one to identify patholog-
ically. As a result, Butchart’s study included 17 patients with mixed his-
tology tumors and only 11 patients with epithelioid MPM (one patient
was classified as mesenchymal). Therefore, one may conclude that the
epithelioid form of MPM was underdiagnosed at this time.

Several staging systems were proposed over the next 25 years, but
each faced limitations similar to the Butchart one, because none was
well validated or universally accepted. In 1982 Mattson (5) developed
a staging system that was a variation on the Butchart system, and
Chahinian et al (6) proposed the first tumor, node, metastasis (TNM)-
based staging system. In 1993 the Union Internationale Contre le
Cancer [International Union Against Cancer] (UICC) proposed another
TNM staging system. In 1999 Sugarbaker et al (7,8) published a revised
staging system based solely on patients undergoing extrapleural 
pneumonectomy. Because of the lack of a universally accepted staging
system, the International Mesothelioma Interest Group (IMIG) (9) met
to develop an internationally accepted staging system that would be
universally accepted and applied to clinical trials. This staging system
was accepted by the American Joint Committee on Cancer (AJCC) and
UICC and was recently published in the sixth editions of their staging
manuals (10,11).

The AJCC Staging System for Malignant 
Pleural Mesothelioma

T Status

The International Mesothelioma Staging System groups TNM descrip-
tors into a stage I through stage IV classification (Table 26.2) (9). T1 is
divided into T1a and T1b, where T1a describes a very early tumor that
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Table 26.1. Staging proposed by Butchart et al
Stage I Tumor confined within the “capsule” of the parietal pleura, i.e., 

involving only ipsilateral pleura, lung, pericardium, and 
diaphragm

Stage II Tumor invading chest wall or involving mediastinal structures, 
e.g., esophagus, heart, opposite pleura

Lymph node involvement within the chest
Stage III Tumor penetrating diaphragm to involve peritoneum; 

involvement of opposite pleura
Lymph node involvement outside the chest

Stage IV Distant blood-borne metastases
Source: Butchart EG, Ashcroft T, Barnsley WC, Holden MP. Pleuropneumonectomy in
the management of diffuse malignant mesothelioma of the pleura: experience with 
29 patients. Thorax 1976;31:15–24, with permission.



Table 26.2. American Joint Committee on Cancer/International Union Against Cancer
(AJCC/UICC) staging system
Primary tumor (T)

TX Primary tumor cannot be assessed
T0 No evidence of primary tumor
T1 Tumor involves ipsilateral parietal pleura, with or without focal involvement of visceral 

pleura
T1a Tumor involves ipsilateral parietal (mediastinal, diaphragmatic) pleura; no involvement 

of the visceral pleura
T1b Tumor involves ipsilateral parietal (mediastinal, diaphragmatic) pleura, with focal 

involvement of the visceral pleura
T2 Tumor involves any of the ipsilateral pleural surfaces with at least one of the following:

Confluent visceral pleural tumor (including fissure)
Invasion of diaphragmatic muscle
Invasion of lung parenchyma

T3 Describes locally advanced but potentially resectable tumor
Tumor involves any of the ipsilateral pleural surfaces with at least one of the 

following:
Invasion of the endothoracic fascia
Invasion into mediastinal fat
Solitary focus of tumor invading the soft tissues of the chest wall
Nontransmural involvement of the pericardium

T4 Describes locally advanced technically unresectable tumor
Tumor involves any of the ipsilateral pleural surfaces with at least one of the 

following:
Diffuse or multifocal invasion of soft tissues of the chest wall
Any involvement of rib
Invasion through the diaphragm to the peritoneum
Direct extension of any mediastinal organs
Direct extension to the contralateral pleura
Invasion into the spine
Extension to the internal surface of the pericardium
Pericardial effusion with positive cytology
Invasion of the myocardium
Invasion of the brachial plexus

Regional lymph nodes (N)
NX Regional lymph nodes cannot be assessed
N0 No regional lymph node metastases
N1 Metastases in the ipsilateral bronchopulmonary and/or hilar lymph nodes
N2 Metastases in the subcarinal lymph nodes and/or the ipsilateral internal mammary or 

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

lymph nodes and/or the ipsilateral or contralateral supraclavicular or scalene lymph 
nodes

Distant metastasis (M)
MX Distant metastases cannot be assessed
M0 No distant metastasis
M1 Distant metastasis present

Stage grouping
Stage I T1 N0 M0
Stage IA T1a N0 M0
Stage IB T1b N0 M0
Stage II T2 N0 M0
Stage III T1, T2 N1 M0

T1, T2 N2
T3 N0, N1, N2

Stage IV T4 Any N M0
Any T N3 M0
Any T Any N M1

Source: American Joint Commission on Cancer. Cancer Staging Manual, 6th ed. New York: Springer-Verlag, 2002:
180–181, with permission.



involves only the parietal pleura of one hemithorax without mediasti-
nal or diaphragmatic involvement (thus sparing the visceral pleura),
and T1b describes an early but slightly more advanced tumor that
involves all of the pleural surfaces. T1 tumors are usually associated
with a free pleural space and a large effusion (Fig. 26.1).

With tumor growth at the visceral and parietal pleural surfaces, the
effusion may resolve or become loculated. This confluence of pleural
surfaces designates a tumor as T2 and usually extends to the underlying
lung parenchyma. This stage of tumor cannot usually be completely
removed without removal of the underlying lung and diaphrag-
matic muscle. At this stage, only extrapleural pneumonectomy will 
rid the patient of all gross disease, and pleurectomy/decortication 
will not.

Stage T3 describes a locally advanced tumor but one that is still
amenable to surgical resection by extrapleural pneumonectomy as a
method to rid the patient of all gross disease. There is usually involve-
ment of all pleural surfaces (including diaphragm and pericardium)
and there may be tumor extension into the endothoracic fascia or medi-
astinal fat (Fig. 26.2). A solitary, completely respectable focus of tumor
extending directly into the chest wall is also included in the T3 cate-
gory. This usually occurs at a site of previous surgical intervention such
as incision or chest tube sites. Although there are no specific size limi-
tations on the extent of chest wall that may be removed, the concept is
similar to that for non–small-cell lung cancer: a single focus of tumor
invading the chest wall by direct extension is removed en bloc with 
the entire specimen. This is a very different finding when compared to
the locally advanced tumor that is technically unresectable because it
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Figure 26.1. Example of stage I malignant pleural mesothelioma (MPM) with
a large left pleural effusion and minimal parietal and mediastinal pleural 
thickening.



diffusely invades the intercostals and chest wall muscles, designated
as T4.

Stage T4 indicates a very locally advanced and technically unre-
sectable tumor (Fig. 26.3). It is characterized by diffuse chest wall 
invasion, direct extension through the diaphragm to the underlying
peritoneum, and direct extension to the contralateral pleura, mediasti-
nal organs, spine, myocardium, or internal surface of the pericardium.
The differences between T3 and T4 tumors have obvious implications
with regard to resectability as well as survival (12,13).

N Status

The N descriptors are identical to those used in the International Lung
Cancer Staging System (14). N1 indicates involvement of the ipsilateral
lymph nodes from the bronchopulmonary and hilar regions; N2
includes lymph nodes from the ipsilateral mediastinal, internal mam-
mary, and subcarinal regions; and N3 describes supraclavicular, con-
tralateral mediastinal, or contralateral hemithoracic nodal involvement.

Because of current uncertainty about the prognostic difference
between N1 and N2 disease, both are grouped into stage III disease.
Sugarbaker et al (8) identified a significant difference in survival
between patients with negative and positive N2 nodes. Among 176
patients surviving extrapleural pneumonectomy, 136 patients with
negative N2 nodes had a significantly better survival than 40 patients
with positive nodes. The adverse influence of nodal involvement was
not evident in earlier surgical series (15), but analysis of this variable
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Figure 26.2. Example of more locally advanced MPM, at least T2 and possibly
T3 (along anterolateral chest wall) by computed tomography (CT) scan.



was confounded by the small numbers of patients in most reports, a
lack of routine complete nodal sampling, and the retrospective nature
of many analyses. The true incidence of nodal involvement and the
routes of lymphatic spread are also poorly understood. It is possible
those N2 nodes and the internal mammary nodes may become
involved before N1 nodes because of the anatomic extent of MPM and
the fact that it apparently arises in the parietal pleura rather than in 
the parenchyma of the lung. Analysis of our series at Memorial Sloan-
Kettering Cancer Center (16) showed that the frequency of nodal
metastasis was significantly higher (50%) than in Sugarbaker et al’s
experience (23%) and emphasizes the importance of systematic nodal
dissection for staging. In our experience, both the presence of nodal
metastases (N1 and N2) and the number of involved lymph nodes 
had a prognostic impact on overall survival after surgical resection. As
more data become available, new analyses of the patterns of nodal
metastasis and of the impact of N1 versus N2 or N3 disease should 
be performed. Such analyses may lead to future revisions of the
AJCC/UICC staging system.

M Status

Although mesothelioma is usually known as a disease that progresses
and invades locally, a small but significant number of patients can
present with extrathoracic disease. Autopsy series also show that at
least half of all patients have widely disseminated disease at the time
of death (17). Because of the potential magnitude of surgical proce-
dures, such as extrapleural pneumonectomy, it is important to recog-
nize these patients and spare them an inappropriate operation.
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Figure 26.3. Example of very locally advanced MPM, T4 by CT scan. There is
massive tumor extending into and shifting the mediastinum.



M0 designates no evidence of metastatic disease and M1 describes
distant metastasis. In MPM, metastases are often widespread, but the
most common sites of disease progression include the peritoneum, con-
tralateral pleura, and contralateral lung (Fig. 26.4). These may develop
by direct extension of tumor through the diaphragm (T4 tumor) or as
a result of lymphatic or hematogenous dissemination. However, the
prognosis is similar no matter what the route of tumor spread.

AJCC Stage Groupings

The TNM descriptors are used to characterize four stages of the disease.
Stages I and II include node negative tumors. Stage I is subdivided into
1a and 1b and stage II includes T2N0 tumors. Stage III includes any T3,
any N1, or any N2M0 tumors, and stage IV includes any T4, N3, or M1
tumors. Survival at 3 and 5 years for stages I, II, and III is 46% and 28%,
32% and 15%, and 15% and 0%, respectively (Fig. 26.5) (16).

Clinical Staging in Mesothelioma

Computed Tomography

There is some controversy over which imaging study is best and
whether magnetic resonance imaging (MRI) adds to CT. At Memorial
Sloan-Kettering Cancer Center, we enrolled 95 patients in a prospective
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Figure 26.4. Example of MPM metastatic to the omentum and bowel mesen-
tery, M1 by CT scan.



staging protocol. Sixty-five patients underwent CT and MRI followed
by surgical resection. The CT and MRI scans were interpreted by inde-
pendent observers in a blinded fashion, and the imaging findings were
then compared to surgical-pathologic staging. Magnetic resonance
imaging was slightly more accurate at identifying diaphragmatic inva-
sion, invasion of endothoracic fascia, and solitary resectable foci of chest
wall invasion. However, these findings were not significant enough to
alter surgical treatment in these patients. Therefore, for cost-effective-
ness, we concluded that CT should be considered the standard diag-
nostic study before therapy (18). However, CT does not reliably identify
either N1 or N2 nodal disease and often fails to diagnose chest wall
invasion. Consequently, approximately 20% to 25% who undergo sur-
gical exploration are found to have unresectable tumor (19).

Pass et al (20) conducted a study using CT to evaluate the impact 
of preoperative tumor volume on outcome in patients undergoing
resection for pleural mesothelioma. Forty-eight patients had three-
dimensional CT reconstructions of preresection and postresection solid
tumor volume, and were staged according to the AJCC staging system
for mesothelioma, prior to surgical resection with either extrapleural
pneumonectomy or pleurectomy/decortication. The median survival
for preoperative tumor volume less than 100cc was 22 months versus
11 months for tumor volume greater than 100cc (p = .03). Progressively
higher stage was associated with higher median preoperative volume:
stage I, 4 cc; stage II, 94cc; stage III, 143cc; stage IV, 505cc (p = .007).
Higher tumor volumes were also associated with a greater likelihood
of lymph node metastasis. This study showed that preoperative tumor
volume assessed by volumetric CT tumor measurement is representa-
tive of T status in malignant pleural mesothelioma and can predict 
survival.
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Figure 26.5. Overall survival of 231 patients by stage. When analyzed across
all four categories, stage had a highly significant effect on survival (p < .01).



Magnetic Resonance Imaging

In 1992, prior to the advent of helical CT scanning, Patz et al (21) from
the Brigham and Women’s Hospital, reviewed 34 consecutive MPM
patients who had a CT scan and MRI prior to surgery. The radiologic
review focused on diaphragmatic involvement, chest wall invasion,
and mediastinal invasion. The sensitivity was high (>90%) for both CT
and MRI in each region. The unresectability rate of patients undergo-
ing thoracotomy was 30%; CT and MRI provided similar information
on resectability in most cases. Although the authors state that impor-
tant anatomic information can be derived from an MRI obtained prior
to surgical intervention, this information will rarely preclude patients
from surgical exploration. More recent studies have also claimed a
slight advantage of MRI over CT. However, there is little evidence 
that these findings translate into clinically relevant information (22).
Therefore, CT scan remains our standard for preoperative locoregional
staging.

Positron Emission Tomography

At Memorial Sloan-Kettering Cancer Center, we explored the utility 
of positron emission tomography (PET) scanning in the preoperative
staging of MPM. We reviewed 63 patients who underwent PET scans
at our institution during their initial evaluation prior to surgical resec-
tion. Fluorodeoxyglucose (FDG) uptake was present in all except one
patient with stage Ia disease. We did not find that the PET scan added
to the assessment of locoregional disease, especially the determination
of T status. Also, PET did not accurately diagnose lymph node involve-
ment. However, a high standard uptake value (SUV) was associated
with a greater likelihood of N2 nodal metastases. More importantly,
PET was useful in identifying 10% of the patients as having distant dis-
ease undetected by CT scan, thereby preventing inappropriate surgical
intervention (23).

In addition to identifying patients with stage IV disease, PET scan
findings may have prognostic significance. Recently, we evaluated 85
MPM patients who underwent PET scanning at diagnosis and found
that there was a linear relationship between increasing SUV and decreas-
ing median survival. The relative risk of death in patients with a SUV of
greater than 4 when compared to an SUV of less than 4 was 3.3 (p = .03).
Figures 26.6 and 26.7 show patients whose tumors had a high and low
SUV on PET. In both univariate and multivariable analyses, SUV signif-
icantly predicted overall survival. These findings suggest that PET may
be used to select patients for treatment (24).

Video-Assisted Thoracic Surgery

Video-assisted thoracic surgery (VATS) is principally used to diagnose
MPM. Cytologic yield is low and tissue is frequently necessary to per-
form immunohistochemistry and electron microscopy, as well as to dis-
tinguish MPM from adenocarcinoma. In addition, the identification 
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of histologic subtype is useful in stratifying patients for treatment 
protocols.

The distinction between T1a and T1b tumors is best made by VATS.
In 66 patients undergoing thoracoscopy, Boutin et al (12,25) found
subtle differences in the extent of pleural disease that are impossible to
identify radiographically and that account for the differences in sur-
vival found in patients thought to have similar stage early disease. In
this series, 23 patients with stage Ia (parietal pleura only) disease had
a median survival of 32.7 months as compared to the 43 patients with
stage Ib (parietal and visceral pleura) disease who had a median sur-
vival of 7 months.
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Figure 26.6. Positron emission tomography (PET) demonstrating a high stan-
dard uptake value (SUV) in a patient with a left-sided mesothelioma. Tumor
involves all pleural and diaphragmatic surfaces.



Laparoscopy

At Memorial Sloan-Kettering Cancer Center we conducted a study to
determine the utility of laparoscopy in detecting transdiaphragmatic
tumor extension when CT findings were equivocal. During a 1-year
period, 12 of 36 patients considered for possible thoracotomy and sur-
gical resection had equivocal CT findings of diaphragmatic invasion.
All underwent laparoscopy with diaphragmatic and peritoneal biop-
sies. There were no perioperative complications and the median hospi-
tal stay was 1 day. Six patients had biopsy-proven transdiaphragmatic
extension or peritoneal studding of tumor. The other six patients sub-
sequently underwent thoracotomy: three had a complete resection, and
three had unresectable tumor due to chest wall (n = 2) or mediastinal (n
= 1) invasion. In no case was transdiaphragmatic extension of a tumor
seen. This experience demonstrated that laparoscopy is a safe and accu-
rate method for detecting transdiaphragmatic tumor extension when
CT fails to do so and should be considered a standard part of prethora-
cotomy staging in this subset of patients (26).

Mediastinoscopy

The role of mediastinoscopy in the management of malignant pleural
mesothelioma is still unclear. Schouwink and colleagues (27) examined
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Figure 26.7. Positron emission tomography (PET) demonstrating a low SUV
in a patient with a left-sided mesothelioma. Tumor involves the left lower
pleural and diaphragmatic areas.



the usefulness of cervical mediastinoscopy in 43 patients. Of the 43
patients, only 24 went on to thoracotomy for pathologic confirma-
tion, and therefore data were not available on the patients with poten-
tially false-negative mediastinoscopy results. Of the 17 patients with
enlarged nodes detected by CT scan, only six were confirmed to be pos-
itive by cervical mediastinoscopy, emphasizing the fact that lymph
nodes that are enlarged on CT are not necessarily malignant. In addi-
tion, mediastinoscopy cannot diagnose lymph node metastases that
occur frequently in MPM but are in anatomic locations inaccessible to
this procedure, including the posterior mediastinal, internal mammary,
and peridiaphragmatic regions. Although mediastinoscopy clearly
identifies some patients with N2 disease, its role in staging MPM needs
further study. Finally, although the presence of N2 disease is gener-
ally associated with a worse prognosis, it is not clear that all such pa-
tients should be denied surgical resection given the current treatment
options.

Summary

Accurate staging of MPM allows us to stratify patients for treatment
based on survival and to spare patients with advanced disease the 
morbidity of nonbeneficial surgical treatment. In MPM, patients with
tumors of epithelioid histology and T1 or T2N0 stage have the best
prognosis. This select group of patients appears to have a favorable 
survival with multimodality therapy that includes extrapleural pneu-
monectomy or pleurectomy/decortication and adjuvant radiation with
or without chemotherapy. These findings justify the importance of
applying staging systems at diagnosis.

Currently CT and PET scanning provide the most accurate invasive
staging and are routinely used at our institution; MRI does not appear
to add significantly to CT and PET and should be used selectively; and
VATS can provide some additional information about T status, trans-
diaphragmatic tumor invasion, and peritoneal metastases. Although
the current AJCC/UICC staging system and the methods available for
clinical staging represent advances made in the management of MPM
during the past decade, they are imperfect. Further studies to improve
the accuracy of staging in MPM are warranted.
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27
Prognostic Factors in Mesothelioma
Jeremy P.C. Steele and Dean A. Fennell

Prognostic factors are biologic or physical characteristics of a patient or
a cancer that can be used to predict the outcome for the individual.
They are of value for the management of mesothelioma because pa-
tients need a prognosis in order to be able to make informed decisions
about treatment options and to make plans for themselves and their
families. Prognostic factors also assist in the selection of patients more
likely to benefit from intensive treatments, especially in the context of
clinical trials (1). Recently it has become clear that prognostic factors
may have an additional benefit: they may give insights into the biology
of the cancer being studied, and lead to improved understanding of the
molecular pathogenesis (2). This new role for prognostic factors may
prove to be the most important of all.

The Cancer and Leukemia Group B and European Organization for
Research and Treatment of Cancer Prognostic scoring systems are the
two most useful prognostic scoring systems currently available for
malignant mesothelioma (3,4). These systems rate performance status,
age, histologic subtype, weight loss, and hematologic parameters as 
the most important prognostic factors for malignant mesothelioma. In
the future, molecular biologic markers and DNA expression profiles
may be able to give us more insight into mesothelioma and will help
in prognostication.

Prognostic factors are especially important in the context of malig-
nant mesothelioma because, until recently, treatment has had relatively
little impact on the natural history of the disease. This chapter discusses
the known clinical prognostic factors for malignant mesothelioma,
focusing on the two best-known current systems, and describes some
of the new molecular knowledge that will lead to the development of
effective targeted therapies.

Diagnosis of Malignant Mesothelioma

Confirmation of the diagnosis is an essential prerequisite to giving a
mesothelioma patient a prognosis. Unfortunately, obtaining a diag-
nosis of mesothelioma may not be straightforward. The likelihood 
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of reaching a reliable diagnosis is increased if a multidisciplinary
approach is used. Ideally, a thoracic physician, a thoracic surgeon, a
medical oncologist, and a specialist pathologist should all be involved.
Repeated biopsies may be required to obtain sufficient quantities of
high-quality tumor tissue. Most specialists take the view that com-
puted tomography (CT)-guided biopsy or video-assisted thoracoscopic
biopsy are the most reliable techniques for obtaining tissue for histol-
ogy. Blind pleural biopsy has an unacceptably high false-negative rate.
Histology must be verified by a pathologist experienced in making the
diagnosis of mesothelioma using the relevant immunohistochemistry
stains. It is important that the pathologist not only establishes the diag-
nosis but defines a cell type for the tumor, i.e., epithelioid (also known
as epithelial), sarcomatoid (also known as sarcomatous), or mixed 
histology.

Natural History of Malignant Mesothelioma

Before discussing specific prognostic factors in mesothelioma, it is nec-
essary to give an idea of the typical prognosis for patients with the
disease. Most series have shown that the median survival for a patient
with mesothelioma is between 4 and 18 months. Three recent phase II
chemotherapy trials with response rates greater than 20% reported
median overall survivals of 6.0 months (5), 9.5 months (6), and 10.6
months (7). The large international randomized phase III trial of
chemotherapy published recently (8), reported a median survival of
12.1 months for the experimental group (treated with pemetrexed and
cisplatin) and 9.3 months for the control arm (treated with cisplatin
only). This large trial included mainly good performance status
patients; patients seen in a mesothelioma clinic will have a wider
variety of performance status and some will have a much shorter sur-
vival than these data suggest. Despite the suggestion that survival is,
at best, about 1 year, it is worth adding that most mesothelioma physi-
cians have patients who survive significantly longer than this, and the
occasional patient lives for many years.

Clinical Prognostic Factors for Malignant 
Mesothelioma

What are the clinical factors that predict a longer survival? There have
been many articles published about clinical prognostic factors in
mesothelioma in the past 20 years. Table 27.1 summarizes some of the
data from these trials. The commonest prognostic factors identified
have included histologic cell type, performance status, age, gender,
weight loss, chest pain, and clinical stage. Unfortunately, some of these
data have conflicted, probably because many of the studies have been
of small size and from single centers. Disease staging, treatments given,
response assessment methods, and patient eligibility have varied 
substantially.
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Curran et al (4) made the interesting comment that the statistical
analyses commonly used, such as the Cox model (9), are unstable with
small series. Because mesothelioma has been a relatively rare form 
of cancer (at least until recent years), sample sizes have been small, 
and thus this statistical method may be unreliable. Curran discussed
the conflicting data on the importance of patient age in predicting 
a poor outcome. At least four studies showed that age is not of impor-
tance (10–13), whereas several others suggested that it is (14–19). 
The same is true of gender, performance status, and histologic subtype
(4).

Studies have also disagreed on the importance of stage as a prog-
nostic marker. Perhaps surprisingly, stage was not found to be im-
portant as a prognostic factor in several studies (4,11,17). The main
problem with the existing staging systems is that to obtain full infor-
mation patients should have had cytoreductive surgery such as extra-
pleural pneumonectomy. Even at surgical referral centers, most patients
are unable to have this operation, thus staging data reported in non-
surgical series are likely to be estimates based on radiology. Recent
updates of the two largest surgical series (20,21) have confirmed that, as
expected, patients staged surgically as stage I or II survive longer than
those with advanced stage mesothelioma. Patients with epithelial cell
type did so much better than those with nonepithelial cell type that
some surgeons would not consider surgery for this latter group. Since
1998, two important studies have been published that have significantly
clarified the important prognostic factors in mesothelioma (3,4). These
are discussed below.

The Cancer and Leukemia Group B (CALGB)
Prognostic Scoring System

The Cancer and Leukemia Group B (CALGB) examined the individual
and joint effect of various pretreatment clinical characteristics on the
survival of patients with mesothelioma treated with chemotherapy 
in a series of sequential phase II trials (3). Over a 10-year period, 337
untreated patients with malignant mesothelioma were registered in
phase II studies of 10 different treatment regimens. The median overall
survival for patients in these trials ranged from 3.9 to 9.8 months with
1-year survival figures ranging between 14% and 50%. The investiga-
tors then used Cox survival models and exponential regression trees to
examine the prognostic importance of various pretreatment patient
characteristics. The following factors were included:

1. ECOG performance status (PS 0, 1, 2)
2. Epithelial histology (yes/no)
3. Presence of chest pain (yes/no)
4. Presence of dyspnea (yes/no)
5. Duration of symptoms (<3 months, 3–6 months, >6 months)
6. Weight loss in the past 6 months (none or >5%)
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7. Asbestos exposure (no/yes/unknown)
8. Smoking history (yes/no)
9. Lactate dehydrogenase (LDH) level >500IU/L (yes/no)

10. Platelet count >400,000 /mL (yes/no)
11. Hemoglobin (Hb) level /mL (<14.6, ≥14.6)
12. White blood cell count (WBC) /mL (<8.7, ≥8.7)
13. Location of disease involvement (pleural/peritoneal/pericardial)
14. Extent of disease (local or regional/distant)

Survival curves were generated for subgroups defined by these puta-
tive prognostic factors, and survival comparisons were made. Patients
were split into subgroups using an algorithm that maximized differ-
ences in the survival distribution measured by the log rank test. A step-
wise analysis generated a regression tree with successive stratification
into groups according to prognostic factor with progressively decreas-
ing risk ratio.

Univariate Analysis

Comparison of the subgroups stratified by prognostic factor using the
log rank test showed that the following factors were associated with
worse outcome:

Poor performance status (PS): Median survival time got worse with
increasing PS: for PS 0 survival was 10.9 months, for PS 1 survival
was 7.6 months, and for PS 3 survival was only 3.3 months.

Presence of chest pain: Presence of chest pain was associated with a
reduced median survival time of 5.4 months compared with 8.8
months for patients without chest pain.

History of dyspnea: A history of dyspnea was associated with reduced
median survival time of 6.3 months compared with 8.3 months in the
absence of dyspnea.

High platelet count: A platelet count >400,000/mL was associated with a
reduced median survival time of 6.2 months compared with 9.4
months for patients with a platelet count <400,000/mL.

Weight loss: The median survival time in patients with significant
weight loss was 5.1 months, and 7.9 months for patients not experi-
encing weight loss.

Elevated LDH level: An elevated LDH level of >500IU/L was associated
with a median survival time of 3.4 months, compared with 7.6
months for patients with an LDH level of <500IU/L.

Pleural involvement: The presence of pleural involvement was associ-
ated with a reduced median survival time of 7.1 months compared
with 12.3 months for patients without pleural involvement.

There was a statistically significant linear relationship for white
blood cell count and hemoglobin with survival (p < .001 for both). An
elevated hemoglobin and a low white blood cell count were associated
with better prognosis. Age exhibited a statistically significant nonlin-
ear relationship with survival, modeled by a combination of a linear
effect of age, and a linear effect for the number of years older than 75
years of age.
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Multivariate Analysis

Multivariate analysis was conducted for all variables on a subset of 195
patients in which all factors were measured. A raised serum LDH >500
IU/L, poor performance status (i.e., PS 1 or 2), the presence of chest
pain, an elevated platelet count >400,000/mL, nonepithelial histology,
and increasing age >75 years were predictive of a greater risk of dying
early. The six prognostic groups determined by using the regression
tree and stepwise algorithm are shown in Table 27.2.

In conclusion, the CALGB prognostic scoring system was able to
derive various factors strongly linked with a poor outcome for patients
with mesothelioma. The most important predictors of a poor progno-
sis were poor PS, the presence of chest pain, the presence of pleural
involvement, breathlessness as a major symptom, high platelet count,
significant weight loss, raised LDH, low Hb, high WBC count, age over
75 years, and nonepithelioid histology. On the positive side, the statis-
tical analysis was able to define the best prognostic groups as those
containing patients with excellent performance status, age less than 49
years, and normal hemoglobin level.

The European Organization for Research and Treatment
of Cancer (EORTC) Prognostic Scoring System

The European Organization for Research and Treatment of Cancer
(EORTC) examined data from 204 adult patients with malignant
mesothelioma entered into five consecutive EORTC phase II clinical
trials from 1984 to 1993 (4). The drugs tested were mitoxantrone, epiru-
bicin, etoposide, and paclitaxel. The Cox model was used to assess 13
factors related to biology and disease history with respect to survival.
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Table 27.2. Prognostic groups derived by the Cancer and Leukemia Group B (CALGB)
model

Median 1-yr 
No. of survival survival

Group Description patients (months) (%)

1 PS = 0, age < 49yr 36 13.9 63
PS = 0, age ≥ 49yr, Hb ≥ 14.6

2 PS = 1/2, WBC < 8.7, no chest pain 36 9.5 41
3 PS = 0, age ≥ 49yr, Hb < 14.6 146 9.2 30

PS = 1/2, WBC < 15.6, chest pain, no weight 
loss, Hb ≥ 12.3

PS = 1/2, 9.8 £ WBC < 15.6, chest pain, weight
loss, Hb ≥ 11.2

4 PS = 1/2, 8.7 £ WBC < 15.6, no chest pain 33 6.5 25
5 PS = 1/2, WBC < 15.6, chest pain, no weight 

loss, Hb < 12.3 73 4.4 7
PS = 1/2, 9.8 £ WBC < 15.6, chest pain, weight 

loss, Hb < 11.2
PS = 1/2, WBC < 9.8. chest pain, weight loss

6 PS = 1/2, WBC ≥ 15.6 13 1.4 0



The median survival duration was 8.4 months from trial entry and 12.6
months measured from diagnosis.

The putative prognostic factors studied in a total of 204 patients (all
with pleural primary tumors) were:

1. Age (£55 years, >55 years)
2. Interval since first diagnosis (£50 days, >50 days)
3. Gender (female, male)
4. ECOG performance status (0, 1–2)
5. White blood cell count (<8.3 ¥ 109/L, ≥8.3 ¥ 109/L)
6. Platelet count (£350 ¥ 109/L, >350 ¥ 109/L)
7. Hemoglobin difference (variance of <1 or ≥1g/dL from stated

normal)
8. Modified Butchart staging (I, II, III, IV)
9. Prior treatment (no, yes)

10. Alkaline phosphatase level (normal, abnormal)
11. Lactate dehydrogenase (normal, abnormal)
12. Histologic subtype (epithelial, sarcomatoid, mixed)
13. Certainty of histologic diagnosis (definite, probable/possible)

Continuous variables were divided into two groups with the median
as the cutoff point. In the univariate analysis, poor prognosis was asso-
ciated with five variables. In a multivariate analysis, poor prognosis
was associated with:

1. Poor performance status (1 or 2)
2. High white blood cell count (≥8.3 ¥ 109/L)
3. Low hemoglobin level (<1g/dL lower than normal)
4. Probable/possible histologic diagnosis of mesothelioma (i.e., uncer-

tain diagnosis)
5. Sarcomatoid histology

Using these five factors the EORTC classified patients into two groups:
a good-prognosis group (with a 1-year survival rate of 40%) and a poor-
prognosis group (with a 1-year survival rate of 12%).

Multivariate Analysis of the EORTC Prognostic Factors

In a multivariate analysis the Cox multivariate model was based on all
of the variables; the model retained the prognostic factors of age, per-
formance status, certainty of histologic diagnosis, histologic subtype,
and gender. Based on these five variables, a prognostic score ranging
from 0.00 to 2.94 was determined by the following formula:

Prognostic score = 0.55 (if WBC >8.3 ¥ 109/L)
+ 0.60 (if performance status 1 or 2)
+ 0.52 (diagnosis is probable/possible)
+ 0.67 (if sarcomatoid subtype)
+ 0.6 (male gender)

Based on prognostic score, patients were divided into two groups: 
a good-prognosis group with a score £1.27 (corresponding to having
zero, one, or two poor prognostic factors), and a poor-prognosis group
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with a score >1.27 (corresponding to having three, four, or five poor
prognostic factors. Relative to patients in the low-risk group the high-
risk group had a relative risk of 2.9 [95% confidence interval (CI) = 2.0%
to 4.1%; p < .001]. The median survival times were 10.8 months and 
5.5 months for the low- and high-risk groups, respectively. The 1-year
survival rates were 40% and 12%, respectively.

It is of concern that patients were randomized into phase II chemo-
therapy trials with “uncertain” diagnosis. Recent advances in our
understanding of the immunohistochemistry of mesothelioma and the
more widespread adoption of the multidisciplinary approach to diag-
nosis and treatment should make this a much rarer occurrence in the
future. The EORTC authors made the interesting observation that
patients with “uncertain” diagnosis may have appeared to live less
long because more time was spent in trying to obtain a diagnosis prior
to registration on trial (“lead time bias”).

Validation of the CALGB and EORTC Prognostic
Models by Other Groups

Fennell et al (22) from the mesothelioma unit of St. Bartholomew’s 
Hospital, London, validated the EORTC model in a group of 145 pa-
tients treated in three sequential phase II chemotherapy trials. For the
70 patients treated with single-agent vinorelbine, those predicted as
having good prognosis by the EORTC system had a median survival
of 19.2 months (95% CI = 14.7–23.7) and those in the poor prognosis
group had a median survival of 9.9 months (95% CI = 8.5–11.3).

In 2000 Edwards et al (23) from Leicester, United Kingdom, pub-
lished a retrospective analysis of a series of 142 mesothelioma patients.
Interestingly, some of these patients had had surgical intervention,
whereas others were treated with chemotherapy or supportive care.
Univariate analysis of prognostic variables was performed using a Cox
proportional hazards regression model and statistically significant
variables were analyzed further in a forward, stepwise multivariate
model. The authors then derived EORTC and CALGB prognostic
groups, plotted Kaplan-Meier survival, and calculated survival rates
from life tables to see if these prognostic groups predicted outcome for
their patients.

Significant poor prognostic factors in univariate analysis included
male sex, older age, weight loss, chest pain, poor performance status,
low hemoglobin, leukocytosis, thrombocytosis, and nonepithelial cell
type. The prognostic significance of cell type, low Hb, high WBC, per-
formance status, and gender was retained in the multivariate model. The
overall median survival was 5.9 months. Median 1- and 2-year survival
data within prognostic groups from Leicester were comparable to the
EORTC and CALGB series. The authors concluded that the EORTC and
CALGB prognostic scoring systems should be used both in the assess-
ment of survival data of series in different countries and in the stratifi-
cation of patients into randomized clinical studies.
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Further observational data have been reported from the German
Mesothelioma Register by Neumann et al (24). From 1987 to 2000, the
German register recorded 4455 patients with malignant mesothe-
liomas. Survival data were only available for 498 patients of whom 156
survived for more than 2 years. The authors undertook a multivariate
analysis using the Cox proportional hazards regression model and
showed that the favorable prognostic factors were epithelioid subtype,
age less than 60 years, and female gender.

What is interesting about these studies is the importance of systemic
biologic measures of disease activity as prognostic factors. Low hemo-
globin, high white blood cell count, elevated platelets, and elevated
LDH were shown to be important in the CALGB, and high white blood
cell count was important in the EORTC system. These parameters are
likely to be markers of disease activity and may prove less subjective
than some of the prognostic factors described previously such as age
and approximate clinical stage. All specialists treating patients with
mesothelioma are aware of the importance of systemic symptoms:
weight loss, anorexia, lethargy, and night sweats are all frequently seen
and refute the common view that mesothelioma is a localized disease
that metastasizes only in the end stages. It is likely that these constitu-
tional symptoms reflect the cytokine-rich nature of mesothelioma as
described by Fitzpatrick (25). These reports may represent real progress
in our understanding of malignant mesothelioma.

Novel Molecular Predictors of Prognosis

There have been a number of publications reporting biologic markers
of prognosis in mesothelioma. Many of these markers are overex-
pressed in malignant mesothelioma and often there are statistical cor-
relations with clinical outcome. The insights provided by such data are
exciting and suggest real therapeutic progress is not far away. Some of
the most interesting molecular factors are discussed below.

Cyclooxygenase (COX)-2

Cyclooxygenase-2 (COX-2) is an enzyme that catalyzes the initial rate-
limiting reaction step in the synthesis of prostaglandins. Cyclooxyge-
nase-2 expression is upregulated in several cancer types, including
lung (26), breast (27), and colorectal (28), and is associated with
increased tumor cell proliferation and invasiveness (2). Other studies
have shown that COX-2 overexpression is a significant poor prognos-
tic factor by univariate analysis in colorectal and gastric cancer, and in
stage I adenocarcinoma of the lung. Cyclooxygenase-2 has been impli-
cated in carcinogenesis through the promotion of angiogenesis, forma-
tion of carcinogenic metabolites such as maliondialdehyde, and the
downregulation of cell-mediated immunity via T-cell anergy (2).

Cyclooxygenase-2 is a target for novel, selective therapeutic inter-
vention and is under investigation for the treatment of solid tumors.
Marrogi et al (29) showed that COX-2 is overexpressed in malignant
mesothelioma as well as in nonmalignant mesothelial tissues, and
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demonstrated in vitro antiproliferative effects of the COX-2 inhibitor
NS398. Nonmalignant mesothelial tissues—despite having similar
levels of COX-2—were less sensitive to the antiproliferative activity of
NS398. Marrogi et al suggested that COX-2 might therefore be a ther-
apeutic target for mesothelioma.

Edwards et al (2) examined the expression of COX-2 and its prog-
nostic significance in snap frozen malignant mesothelioma tissue col-
lected at video-assisted thoracoscopic biopsy or thoracotomy. In 48
cases studied for COX-2 expression by immunohistochemistry, strong
cytoplasmic staining was identified in all tissues studied. Expression
did not correlate with measured levels of the stable prostaglandin E2

(PGE2) derivative bicyclo-PGE2. Specific COX-2 expression was identi-
fied using Western analysis. In univariate statistical analysis, high
COX-2 expression on Western blot band densitometry correlated sig-
nificantly with poor survival (p = .008). In multivariate analysis, high
COX-2 expression (p = .0005), nonepithelioid subtype and chest pain
were independent predictors of poor prognosis. The authors concluded
that COX-2 expression is a prognostic factor for mesothelioma and is a
possible therapeutic target. The studies by Edwards et al and Marrogi
et al (29) suggest that COX-2 expression may independently predict
survival in malignant mesothelioma and may provide a novel target
for therapeutic intervention.

Cyclin-Dependent Kinase Inhibitor p27

The proliferation-associated antigen p27 (kip) is a cell-cycle regulator
and cyclin-dependent kinase (CDK) inhibitor. It acts to regulate cell
cycle entry into S-phase via direct interaction with cyclin and CDK. The
prognostic value of the proliferation-associated antigen p27 has been
investigated in malignant pleural mesothelioma (MPM). In a study by
Beer et al (30), sections from 36 patients with MPM were immunohis-
tochemically stained for the p27 antigen. Univariate survival analysis
was used to determine the effect of p27 on survival. Low p27 expres-
sion (<53% of cells positive) was associated with a statistically sig-
nificant decrease in survival compared with high p27 expression 
(p = .04). Median survival of patients with low p27 was 4 to 6 months,
compared with those with high p27 for whom it was 10 to 11 months.
The authors conclude that p27 may be an independent prognostic 
variable in patients with malignant mesothelioma.

Bongiovanni et al (31) also investigated p27 in 63 patients taken from
a larger group of 621 pleural mesothelioma patients. Twenty-seven
patients were selected with relatively long survival (>24 months), and
36 cases were selected as having a relatively shorter survival (<24
months). The expression of p27 was significantly higher in the long-
term surviving group (81%) compared with the short survival group
(32%; p < .0001). Interestingly, epithelioid histology was associated with
higher p27 expression compared with the biphasic type. It was con-
cluded in both studies that p27 may be a useful marker for identifying
patients with a more favorable prognosis.
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Proliferation Marker MIB-1

MIB-1 is a marker of proliferation. Its expression and prognostic sig-
nificance was evaluated by Comin et al (32) in a study comparing the
immunoreactivity of a series of seven long-term survivors with MPM
and a group of control cases with short-term survival. All cases showed
MIB-1–positive cells determined by the percentage of nuclear staining.
A statistical difference in expression of MIB-1 was observed with sig-
nificantly greater proliferative activity in the shorter surviving group
compared with the controls. A similar finding was also observed by
others (31) and suggests that proliferative index may predict outcome
for MPM patients.

Angiogenic Cytokines

Angiogenesis is essential for solid tumor proliferation. Malignant
mesothelioma is associated with high intratumoral microvascular den-
sity, suggesting active angiogenesis. Vascular endothelial growth factor
(VEGF), acidic and basic fibroblast growth factors (FGF-1 and -2), and
transforming growth factor-b (TGF-b) are all potent angiogenic cyto-
kines. In a study by Kumar-Singh et al (33), increased levels of VEGF,
FGF-1, FGF-2, and TGF-b were detected in malignant mesothelioma
compared to nonneoplastic mesothelium. When studied together, the
levels of these angiogenic cytokines correlated with intratumoral micro-
vascular density and prognosis. Of the cytokines studied individually
only FGF-2 correlated with increased tumor invasiveness and worse
prognosis.

Ohta et al (34) investigated the prognostic significance of the mes-
senger RNA expression of VEGF, VEGF type C, and their receptors,
together with microvessel and microlymphatic density. Fifty-four pa-
tients were studied. Vessel density was a negative prognostic indicator
that correlated with VEGF expression, indicating an important role for
angiogenesis in malignant mesothelioma and the use of vascular den-
sity as a prognostic marker.

Glycoprotein 90K

Strizzi et al (35) examined the levels of tumor-associated glycoprotein
90K in the pleural effusions and sera of patients with malignant
mesothelioma using enzyme-linked immunosorbent assay (ELISA).
This was correlated with immunocytochemistry in malignant mesothe-
lioma sections and compared with benign pleural disease. The average
level of glycoprotein 90K was increased in pleural effusions from pa-
tients with malignant mesothelioma compared with those of patients
with benign pleural disease. Expression of 90K was observed using im-
munohistochemistry. A positive correlation between 90K and patient
survival was reported; using Kaplan-Meier univariate analysis a high
serum level of 90K was shown to be associated with a statistically sig-
nificant increase in survival probability.
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Conclusion

Patients with good and poor prognosis can now be determined by well-
validated prognostic factors based on the EORTC and CALGB scoring
systems. These distinct, but closely related systems, have clarified
much contradictory data accrued over the past two decades. The most
important poor prognosis predictors are poor performance status,
nonepithelial histology, male gender, low hemoglobin, high platelet
count, high white blood cell count, and high LDH. In addition to prog-
nostic information these systems have led to insights into the biology
of mesothelioma, in particular, the possible role played by cytokine net-
works in the symptoms experienced by patients with mesothelioma.
Prognostic factors may, at last, not simply enable us to predict a worse
outcome for some patients compared to others, but help us understand
mesothelioma and develop new treatments. Numerous molecular bio-
logic markers of prognosis are under investigation. Overexpression of
various cellular proteins has been demonstrated to correlate with the
clinical outcome in the source patients. Understanding the importance
of these markers in predicting prognosis will lead to better under-
standing of malignant mesothelioma and will help improve therapy.
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28
Radiologic Assessment 

of Mesothelioma
Samuel G. Armato III, Heber MacMahon, Geoffrey R. Oxnard, 
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Imaging plays an essential role in the diagnosis, staging, and clinical
management of patients with mesothelioma. X-ray imaging techniques
[chest radiography and computed tomography (CT)], magnetic reso-
nance imaging (MRI), and positron emission tomography (PET) have
all been used to evaluate this disease, although the relative importance
of these imaging modalities has changed over time. Our understand-
ing of mesothelioma has been advanced through radiologic examina-
tion, and nearly every mesothelioma patient makes numerous trips to
the radiology department during the course of treatment. Imaging
studies define the morphology and extent of mesothelioma, tumor 
perfusion, tumor physiology, the presence of mediastinal or chest wall
involvement, and the presence of concomitant disease. The image
acquisition device (i.e., the hardware) is only one component of the
radiologic examination; software tools for the subsequent visualization
and postprocessing of the acquired image data are required to extract
useful information from the image pixels and to fully exploit the wealth
of information contained within the image. This chapter describes the
imaging modalities that have been employed for the evaluation of
mesothelioma and emphasizes the role of CT in the important task of
tumor thickness measurement for the assessment of tumor progression
or response to therapy.

Imaging Modalities

Radiography

Chest radiography continues to rank as the most common radiologic
procedure performed in the United States. Consequently, initial detec-
tion of mesothelioma in a patient is likely to result from a radiographic
chest examination. The two-dimensional radiographic projection of
mesothelioma with its complex three-dimensional morphology, how-
ever, provides neither a sensitive nor a specific diagnosis, and a 
follow-up study with another imaging modality is almost always 
indicated. The ability to diagnose mesothelioma on chest radiography
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usually occurs at later, more advanced stages of the disease when
tumor burden is greater.

Initial radiographic signs of mesothelioma include a unilateral
pleural abnormality with an associated ipsilateral pleural effusion, ipsi-
lateral shift of the mediastinum, and unilateral lung volume loss due to
encasement of the lung by the tumor (1) (Fig. 28.1). Signs of other
asbestos-related disease are usually absent, and the typical finding of
diffuse lobulated pleural thickening is indistinguishable from pleural
metastases (2,3). At later stages of the disease, radiography may demon-
strate thickening of interlobular septa, rib or vertebral body destruction,
lymph node metastases, and metastatic pulmonary nodules (4). Con-
tralateral pleural abnormalities, when present, are typically the result of
benign asbestos-related disease rather than metastases (5), since meso-
thelioma generally spreads by contiguous growth; nevertheless, hema-
togenous spread of mesothelioma may be observed on imaging studies
(see Fig. 28.4) and was present in 44 of 66 autopsy cases in one series (6).

Radiography plays a role in the posttherapy follow-up of patients.
For example, patients who undergo extrapleural pneumonectomy may
be monitored for complications and recurrence with chest radiography
once the affected hemithorax has opacified (5). Findings such as medi-
astinal shift, a new air–fluid level in the affected hemithorax, or nodules
in the contralateral lung would indicate that a CT scan is warranted 
to differentiate between recurrent disease, infection, or a postsurgery
complication (5) (Fig. 28.2). More often, however, CT is being used as
the sole imaging modality for routine posttherapy follow-up.
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Figure 28.1. Posteroanterior chest radiograph in an 83-year-old man shows
mesothelioma diffusely involving the pleura on the right (arrow) accompanied
by volume loss of the right hemithorax.



Computed Tomography

The imaging modality with the greatest impact on the current evalua-
tion of mesothelioma is CT. The transaxial images generated by CT
overcome the superposition of anatomic and pathologic structures that
limits the two-dimensional projection images acquired by radiography.
Accordingly, the spatial extent and radiologic characteristics of
mesothelioma tumor may be more clearly appreciated with CT.

The radiologic manifestation of pleural response to a variety of dis-
eases falls into three broad categories: pleural effusion, pleural thick-
ening, and pleural calcification (7). Computed tomography is especially
capable of demonstrating such pleural responses. The particular CT
findings of mesothelioma, however, are not pathognomonic; a variety
of benign and malignant diseases (including metastatic disease, tuber-
culous pleurisy, empyema, and asbestos-related advanced pleural
abnormalities) can have similar characteristics on CT (8,9).

On CT, mesothelioma is characterized by a circumferential, lobulated
soft tissue mass that often involves the interlobar fissures and the medi-
astinal pleura of a hemithorax (2) (Fig. 28.3); bilateral disease is rare
(10). Pleural effusions (see Figs. 28.11 and 28.13A below) and nodular
pleural thickening, especially in the lower thoracic zone, are typical CT
findings in mesothelioma patients (5,10). A tendency for right-sided
disease has been observed (10). Intravenous iodinated contrast admin-
istered intravenously is typically used to identify mediastinal lymph
node enlargement and to determine the relation of lesions to adjacent
vascular structures (10); a recognized shortcoming of CT, however, is
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Figure 28.2. A 70-year-old man with prior surgery on the right, which con-
sisted of resection and placement of a synthetic patch (curvilinear bright
density just internal to the rib cage). This enhanced computed tomography
(CT) scan demonstrates recurrence of disease after surgery as a 22 ¥ 18-mm
soft tissue density in the lower right anterior chest wall (arrow).



its limited sensitivity for hilar lymph node involvement (10). Although
pleural plaques are a common CT finding in mesothelioma, this reflects
the role of asbestos exposure in the pathogenesis of both lesions; the
possible preneoplastic nature of such plaques has not been proven
(11,12).

In a series of 50 patients, Ng et al (13) observed that 76% of the ini-
tial CT scans demonstrated pleural effusions, of which the majority
were considered “small” (i.e., they occupied less than one third of the
hemithorax). Pleural thickening was observed in 94% of cases, of which
72% was nodular, 50% showed a lower zone predominance, and 47%
exceeded 1cm (13). Superior mediastinal pleural thickening was ob-
served in 70% of cases, diaphragmatic crural thickening was demon-
strated in 84% of cases, and thickening of the pleural surfaces of the
interlobar fissures was present in 84% of cases (13). Kawashima and
Libshitz (14) report similar findings. In their series of CT scans from 50
mesothelioma patients, 74% of cases demonstrated pleural effusions (of
which approximately half occupied less than one third of the hemitho-
rax), 86% of cases demonstrated thickening of the pleural surfaces of
the interlobar fissures, and pleural thickening of various extent, thick-
ness, and nodularity was observed in 92% of cases. Focal pleural
masses (ranging from 7 to 18cm in maximum diameter) were observed
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Figure 28.3. Enhanced CT in a 70-year-old man demonstrates left-sided irreg-
ular, nodular pleural thickening greater than 1 cm, characteristic of mesothe-
lioma. Focal nodular thickening of the left major fissure is also seen (white
arrow). Also of note is a small subpleural nodule (likely metastatic disease)
posteriorly on the right (black arrow).



in 8% of cases; half of these cases demonstrated chest wall invasion (14)
(Fig. 28.2).

The volumetric extent of disease may be more clearly appreciated
with CT than with chest radiography. The CT findings depicting the
impact of mesothelioma on the affected hemithorax volume are varied.
In response to volume loss of the ipsilateral hemithorax, for example,
ipsilateral mediastinal shift may occur (Fig. 28.4). Alternatively, tumor
encasement of the ipsilateral lung may result in ipsilateral volume loss
without mediastinal shift (referred to as the “fixed mediastinum”). Ipsi-
lateral volume loss may also be demonstrated on CT by narrowed
intercostal spaces [so-called rib crowding (10)] and ipsilateral hemidi-
aphragm elevation (14). Substantial pleural effusion or pleural thick-
ening, however, may cause contralateral mediastinal shift with a
corresponding increase in ipsilateral hemithorax volume. The CT
section in Figure 28.5 represents a hybrid of these mechanisms: ipsi-
lateral volume loss with rib crowding combined with contralateral shift
of the mediastinum. Ng et al (13) observed ipsilateral volume loss in
27% of cases, of which 68% demonstrated ipsilateral mediastinal shift;
ipsilateral volume increase was observed in 10% of cases, of which 57%
demonstrated contralateral mediastinal shift. It is interesting to note
that the volume of the affected hemithorax was not substantially
altered in 63% of cases at initial CT (13). Kawashima and Libshitz (14)
observed ipsilateral volume loss in 42% of cases, of which approxi-
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Figure 28.4. Enhanced CT of the chest in a 41-year-old man at the level of the
right pulmonary artery shows left-sided pleural thickening with volume loss
accompanied by rib crowding and ipsilateral shift of the mediastinum. Numer-
ous sharply circumscribed nodules bilaterally, consistent with hematogenous
metastases, are also evident. Pleural thickening involves the left major fissure,
which indicates involvement of the visceral pleura.



mately half demonstrated ipsilateral mediastinal shift; contralateral
mediastinal shift (due to a large effusion or a combination of effusion
and mass) was observed in 14% of cases. Neither change in hemitho-
rax volume nor shift of the mediastinum were observed in 44% of cases
(14). Yilmaz et al (10) also noted ipsilateral volume loss with (9% of
cases) and without (22% of cases) ipsilateral mediastinal shift, con-
tralateral mediastinal shift due to a large effusion or a combination of
effusion and mass (26% of cases), and no change in mediastinal posi-
tion or affected hemithorax volume (43% of cases).

Although primary pericardial mesothelioma is rare, pericardial inva-
sion of pleural mesothelioma is demonstrated at CT by pericardial
thickening with potential concomitant pericardial effusion (5) (Fig.
28.6). It should be noted, however, that distinction between mediasti-
nal pleural disease alone and associated pericardial disease is difficult
on CT (14). Some investigators suggest that pericardial involvement
should be considered likely when involvement of the mediastinal
pleura is bulky or extensive at CT (10).

CT findings are often used in the differential diagnosis of diffuse
pleural disease to distinguish between benign pleural disease and
mesothelioma (or other malignant pleural disease). The presence of a
pleural rind, involvement of the mediastinal pleura, pleural nodular-
ity, and pleural thickening in excess of 1cm have all been associated
specifically with malignant pleural disease (1) and are all well depicted
on CT. Moreover, invasion of the chest wall or mediastinum (Figs. 28.2
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Figure 28.5. Enhanced CT in a 56-year-old woman shows right-sided irregu-
lar, nodular thickening of the pleura with rib crowding and contralateral shift
of the mediastinum. Involvement of the anterior chest wall and subcutaneous
tissue is also seen (arrow).



and 28.7), displacement or destruction of ribs or vertebral bodies (Fig.
28.8), transdiaphragmatic growth (Fig. 28.9), and lymph node metas-
tases (Fig. 28.10) are other CT-based indicators of malignancy (1),
although MRI may have advantages over CT with regard to some of
these indicators. In a series of 74 patients with diffuse pleural disease,
Leung et al (7) observed that among the 71 patients with pleural thick-
ening on CT, four CT findings—presence of a pleural rind, nodular
pleural thickening, parietal pleural thickening greater than 1cm, and
mediastinal pleural involvement—were significantly more common in
patients with malignant pleural disease than in patients with benign
pleural disease. The three patients without pleural thickening demon-
strated unilateral pleural effusions, the sole indicator of pleural malig-
nancy in these patients; thus, the authors conclude that absence of
pleural thickening does not preclude a malignant diagnosis. The CT
findings in mesothelioma patients were the same as the CT findings in
patients with metastatic pleural disease, and the CT findings that dis-
tinguished mesothelioma from benign pleural disease were essentially
the same as those that distinguished malignant pleural disease from
benign pleural disease (7). Pleural calcifications were observed to be
indicative of a benign process, since none of the 11 mesothelioma
patients in this series demonstrated pleural calcifications. Although
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Figure 28.6. Enhanced CT scan at the level of the dome of the right hemidi-
aphragm in a 62-year-old woman demonstrates malignant mesothelioma
involving the pericardium overlying the left ventricle (arrow). Widespread
involvement of the pleura and parenchyma on the left is also seen.



Figure 28.7. Enhanced CT at the level of the right pulmonary artery in a 78-
year-old man shows invasion of tumor into the anterior mediastinal fat (arrow).
A rind of pleural thickening encircles the entire right lung including the medi-
astinal pleura anteriorly.

Figure 28.8. Enhanced CT scan at the level of the left atrium in a 70-year-old
man reveals extensive pleural thickening on the left with erosive changes in a
posterior rib (arrow) due to invasion by tumor.
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Figure 28.9. Enhanced CT in a 78-year-old man demonstrates evidence of inva-
sion below the diaphragm as indentation of the posterior contour of the spleen
(black arrow). Involvement of the posterior chest wall and paraspinal muscles
is also seen on the left (white arrow).

Figure 28.10. Enhanced CT scan through the lung bases at the level of the
dome of the liver in a 70-year-old man demonstrates pleural thickening and a
31 ¥ 20-mm cardiophrenic angle lymph node (arrow) secondary to involvement
by mesothelioma.



benign pleural disease in general may present unilaterally, unilateral
pleural disease within asbestos-exposed patients was highly specific
for malignant disease generally and suggestive of mesothelioma in 
particular (7).

Computed tomography has also been shown to differentiate between
mesothelioma and other malignant pleural disease, although this task
has generally been considered a more difficult radiologic challenge. In
a series of 215 patients (99 with mesothelioma, 39 with metastatic
pleural disease, and 77 with benign pleural disease), Metintas et al (8)
used multivariate analysis to show that (1) the presence of a pleural
rind, (2) mediastinal pleural involvement, and (3) pleural thickness
greater than 1cm were independent findings both for differentiating
mesothelioma from metastatic pleural disease and for differentiating
malignant pleural disease (i.e., mesothelioma and metastatic pleural
disease) from benign pleural disease. The first two findings were also
useful for the differentiation of mesothelioma from benign pleural
disease. Nodular pleural thickening was common among the CT scans
of mesothelioma patients, and although it was found to be an inde-
pendent finding for the differentiation of mesothelioma or malignant
pleural disease from benign pleural disease, nodular pleural thicken-
ing could not be used to differentiate mesothelioma from metastatic
pleural disease (8).

Another important aspect of CT is its ability to depict ancillary find-
ings in the lungs that typically accompany mesothelioma and are asso-
ciated with prior asbestos exposure. These findings include ipsilateral
atelectasis [observed in 74% of cases in the 70-patient series of Ng et al
(13)], rounded atelectasis [observed in 9% of cases in this series (13)],
and lung nodules [observed in 11% of cases (13)]. A CT finding of com-
pressive atelectasis secondary to a large pleural effusion in a mesothe-
lioma patient is shown in Figure 28.11.

Computed tomography has become a valuable tool for biopsy guid-
ance. Closed pleural needle biopsy may be used in lieu of more inva-
sive procedures (e.g., thoracoscopy or thoracotomy) to obtain pleural
tissue or fluid samples for histopathologic diagnosis. In the absence of
CT guidance, however, the sensitivity of closed pleural needle biopsy
for the diagnosis of mesothelioma has been limited due to a typically
small sample size and an inability to visualize the source of the
acquired sample within the patient (15,16). The addition of CT guid-
ance to the biopsy procedure greatly reduces these limitations. In a
series of 30 patients, Metintas et al (15) correctly diagnosed mesothe-
lioma in 83% of cases by use of CT-guided closed pleural needle biopsy,
a figure that represents a substantial improvement in efficiency relative
to the same biopsy procedure performed without CT.

Magnetic Resonance Imaging

Magnetic resonance imaging adds substantial information to the clini-
cal evaluation of mesothelioma patients, particularly with regard to
resectability (due to its ability to depict local tumor extent), diagnosis,
staging, surgical planning, and follow-up. Most cases of mesothelioma
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abut the ribs and chest wall, and a substantial percent also abut the
pericardium and diaphragm. T1-weighted MRI may be used to iden-
tify edema in the ribs, a finding consistent with tumor invasion. Mag-
netic resonance imaging has an advantage over CT in its ability to
image tissue planes; indeed, a clear fat plane between the inferior
diaphragmatic surface and the adjacent abdominal organs, plus a
smooth inferior diaphragmatic surface on MRI, is one of the most reli-
able indicators of resectability. Likewise, lack of tumor invasion into
the mediastinal fat is another measure of resectability better demon-
strated on MRI.

One generally recognized advantage of MRI over CT has been the
multiplanar capabilities inherent in the MRI acquisition process.
Although the spatial resolution of CT in the imaging plane exceeds that
of MRI (pixel dimensions on the order of 0.7mm versus 1.0mm), CT
image acquisition is constrained to the axial plane; postprocessing of
the axially acquired data is possible to reformat sagittal and coronal
image planes, but the anisotropy of traditional CT voxels renders such
reformatted images with suboptimal quality compared with the axially
reconstructed images. Magnetic resonance imaging, however, allows
for the acquisition of images in arbitrary planes, a powerful capability
for the evaluation of mesothelioma with its platelike growth pattern
and propensity for chest wall invasion, diaphragmatic involvement,
and extension into the interlobar fissures. The multiplanar aspects of
MRI do not suffer from the partial volume effect that is characteristic
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Figure 28.11. Enhanced CT in an 83-year-old man with malignant mesothe-
lioma shows a large right-sided pleural effusion with underlying compressive
atelectasis.



of axial CT images near curved structures such as the lung apices or
the dome of a hemidiaphragm (17).

The multiplanar advantage of MRI, however, is waning in the face
of newer multidetector row CT scanners. With 16 or more rows of
detectors, rapid high-resolution acquisition has become possible with
isotropic voxels so that no preferred plane exists for image reconstruc-
tion (18). In effect, all planes have equal resolution, and the radiologist
or clinician may decide, after image acquisition, which visualization
plane best meets the needs of the particular study. The diagnostic eval-
uation of mesothelioma is expected to benefit tremendously from this
improvement in CT technology.

Magnetic resonance imaging has a further advantage over CT with
regard to the information captured. Computed tomography predomi-
nantly records information about one physical characteristic of patient
anatomy and pathology: attenuation coefficients. An x-ray beam gen-
erated by a CT scanner traverses the patient and is attenuated to a
greater or lesser extent depending on the attenuation coefficients of the
tissues encountered on its way to the detector; the chemical composi-
tion and physical density of the material, along with the energy spec-
trum of the x-ray beam, determine the fundamental appearance of 
the acquired image. The myriad pulse sequences available on MRI
scanners, however, are designed to capture information about dif-
ferent physiologic and molecular processes within the patient. These
processes include exchange of water on and off of macromolecules and
membranes, water diffusion, and blood flow. The MRI pulse sequences
exploit the characteristic differences between these processes in differ-
ent tissues to provide the required image contrast necessary for tissue
differentiation, which may be further enhanced through administration
of contrast agents [such as gadolinium–diethylenetriamine pentaacetic
acid (Gd-DTPA)] that advantageously alter relaxation and local mag-
netic susceptibility. In this context, prediction of mesothelioma
response and degree of response to new antiangiogenic agents may be
captured by MRI.

In a study of 26 paired MRI and CT scans of mesothelioma patients
at various stages of disease, Knuuttila et al (17) directly compared the
imaging findings of MRI and CT to identify the relative merits of each
modality. They found that CT exceeded MRI in its ability to depict
pleural calcifications and to detect enlarged lymph nodes with patho-
logic suspicion. Neither CT nor MRI, however, could be used to 
accurately assess lymph node staging due to low sensitivity and low
specificity. The ability to depict invasion of the chest wall, medi-
astinum, and lung parenchyma was found to be equal for both modal-
ities. Relative to CT, MRI more clearly indicated the spread of tumor
into the interlobar fissures, the extension of tumor through the
diaphragm (Fig. 28.12), and tumor invasion of ribs or vertebral bodies.
MRI demonstrated an important ability to differentiate mesothelioma
from the pleural fluid that usually accompanies it and often confounds
the assessment of tumor burden (Fig. 28.13). The authors concluded
that MRI was “better for evaluating the growth pattern and extent of
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[mesothelioma] and should be more widely used, especially when eval-
uating tumor resectability and in research protocols when an accurate
evaluation of disease extent is essential” (17).

Other authors have noted the increased signal strength of mesothe-
lioma relative to the chest wall on T2-weighted MRI (5,19,20). More-
over, MRI may be used to exclude tumor invasion of the spinal canal
(1). With regard to diaphragmatic effects of mesothelioma, neither chest
radiography nor thoracic CT is capable of distinguishing between ele-
vation and inversion of a hemidiaphragm to the extent possible with
MRI, which, on coronal images, depicts the diaphragm as a distinct
linear structure separating intrathoracic and intraabdominal structures
(21).

A study by Knuuttila et al (22) compared the relative abilities of 
contrast-enhanced CT and MRI to differentiate mesothelioma from
other pleural malignancies or benign pleural disease, although the
imaging findings of the study were not verified surgically. In a study
with 34 sets of paired CT and MRI scans, the findings of pleural fluid,
pleural enhancement, focal pleural thickening, and enhancement of
focal pleural thickening were observed statistically significantly more
frequently in mesothelioma patients than in patients with other pleural
malignancies or benign pleural disease. Focal thickening and enhance-
ment of interlobar fissures occurred significantly more frequently in
malignant pleural disease (mesothelioma or other malignancy) than in
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Figure 28.12. T2-weighted coronal MR section in a 70-year-old man with right-
sided mesothelioma demonstrates transdiaphragmatic extension of tumor.
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Figure 28.13. A: Enhanced CT in a 43-year-old man with mesothelioma reveals
left-sided disease with invasion of the lateral chest wall. On CT it is difficult to
ascertain whether the intrathoracic disease consists of only tumor, or if a
pleural effusion is also present. B: Corresponding axial T1-weighted MRI
section of the same patient acquired one day later depicts the ability of MRI to
delineate pleural effusion from tumor; the left-sided disease clearly consists of
both tumor and effusion.

A

B



benign pleural disease. Magnetic resonance imaging was able to depict
abnormal enhancement of interlobar fissures better than CT, but CT
better depicted pleural calcifications, although calcifications were not
specific to mesothelioma, other pleural malignancy, or benign pleural
disease. Compared with CT, MRI better depicted invasive tumor
growth into the diaphragm, mediastinum, and chest wall, findings that
were observed significantly more frequently in mesothelioma patients
than in patients with other pleural malignancies, and MRI better
depicted invasion of bony structures, a finding that was observed sig-
nificantly more frequently in patients with other pleural malignancies
than in mesothelioma patients. Neither modality was able to differen-
tiate pathologic mediastinal lymph nodes (22).

The role of imaging in the staging of mesothelioma has gained inter-
est in recent years. In the context of the International Mesothelioma
Interest Group (IMIG) Staging System (23), Heelan et al (24) compared
MRI and CT findings with surgical and pathologic staging for 65
patients who underwent one of the following procedures: extrapleural
pneumonectomy, thoracotomy with partial pleural pleurectomy, tho-
racotomy with biopsy, laparoscopy with biopsy, or supraclavicular
lymph node biopsy. Of the anatomic sites evaluated, only two demon-
strated significant differences between the diagnostic capabilities of CT
and MRI, with MRI demonstrating superiority over CT: invasion of the
diaphragm and invasion of the endothoracic fascia or a single chest
wall focus of involvement. Other anatomic sites that were evaluated
under this staging system included scattered foci of visceral pleural
involvement, confluent visceral pleural tumor, invasion of lung
parenchyma, mediastinal fat involvement, pericardial involvement,
chest wall invasion, and ipsilateral hilar or mediastinal lymph node
involvement. Overall, both imaging modalities demonstrated fairly
low diagnostic accuracies. These investigators suggested that the
complex growth pattern of mesothelioma along pleural and fissural
surfaces combined with the anatomic contiguity of the pleural tumor
and the structures it eventually invades hinders the ability of cross-
sectional imaging to stage mesothelioma with greater accuracy (24).

Positron Emission Tomography

Positron emission tomography with the fluorine-18-labeled analog of
2-deoxyglucose (F-18 fluorodeoxyglucose or FDG) as a radiotracer pro-
vides uniquely different information from other imaging modalities.
The resulting functional images of metabolic activity have been used
in oncology to differentiate malignant from benign lesions, to stage
malignant disease, and to assess tumor response to therapy. The bene-
fits of PET imaging in recent years have gained recognition for the eval-
uation of mesothelioma. In particular, its role as an adjunct to CT and
MRI for the diagnosis of mesothelioma and the identification of the
extent of disease has been explored.

Positron emission tomography images may be analyzed either qual-
itatively (i.e., visually) or through semiquantitative metrics, such as the
standardized uptake value (SUV), which measures the ratio of decay-
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corrected radiotracer uptake in a region (i.e., a lesion) to the injected
dose normalized for body weight. In a study based on the visual inter-
pretation of PET images from 15 patients, the presence of mesothelioma
was detected by PET in all 11 positive cases, and the absence of disease
was confirmed in the four negative cases (25). Of the 34 lesions from
these cases that were biopsied, 28 of the 29 actually positive lesions
were identified on PET (the one false negative measured 0.5mm in
diameter) and four of the five actually negative lesions were confirmed
on PET (the one false positive was inflammatory pleuritis). Three pat-
terns of FDG uptake were noted (focal or linear, diffuse, and hetero-
geneous), which corresponded to the structural findings observed at
MRI or CT. Whereas PET identified all three patients with chest wall
involvement, CT only provided evidence of such involvement in one
of these patients; moreover, PET identified bilateral disease in three
patients, while CT demonstrated bilateral involvement in only one of
these patients (25).

Carretta et al (26) obtained a PET-based sensitivity of 92% for the
identification of mesothelioma based on visual interpretation aug-
mented by SUV values. The one false negative represented mesothe-
lioma of the epithelial subtype, which tends to have low metabolic
uptake (27). Since it measures tissue metabolic activity of any nature,
FDG is not a specific tumor marker (27); therefore, PET is unable to dis-
criminate mesothelioma from other malignant pleural disease and
should not replace histologic diagnosis based on biopsy or thora-
coscopy (26), although the disease activity demonstrated by PET may
be used to guide biopsy site selection (27).

Using semiquantitative SUV values alone, Bénard et al (27) reported
a 91% sensitivity and a 100% specificity for the differentiation of malig-
nant and benign pleural disease by PET. The potential staging of the
extent of mesothelioma by PET was also observed (27), although others
have concluded that PET does not depict local extent of mesothelioma
but is valuable for the identification of extrathoracic metastases (28).
Bénard et al (29) later showed statistically significantly shorter survival
times among patients in a high SUV group, concluding that patients
with highly active mesothelioma on PET (i.e., more metabolically active
disease and hence, a greater uptake of FDG) have a poorer prognosis.
The extent to which this increased FDG uptake indicated inherent 
biologic characteristics of mesothelioma in these patients or simply
reflected differences in tumor size remained an unanswered question
(29).

Tumor Measurement

The notion of tumor response is fundamental in oncology. Assessment
of disease progression or response to therapy is necessary for the clin-
ical management of the oncology patient and critical for the evaluation
of drug efficacy during clinical trials. Accordingly, the diagnostic role of
imaging is replaced by a surveillance role once the presence of mesothe-
lioma in a patient is confirmed. The importance of this surveillance role
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must not be underestimated: the radiologic assessment of patients
enrolled in clinical trials for the evaluation of novel therapeutic regi-
mens has gained acceptance as a surrogate for patient survival out-
comes during the regulatory approval process (30). Clinical trials thus
may be conducted with smaller subject populations, a benefit that
reduces both time and expense. This radiologic assessment, however,
necessitates quantitative tumor measurements and the standardization
of tumor response criteria based on such measurements.

The issue of standardization has evolved over the years. In 1981, the
World Health Organization (WHO) recommended the radiologic quan-
tification of solid tumors through bidimensional measurements on
imaging studies (31). These measurements represent the product of (1)
the length of the longest in-plane diameter of the lesion (as represented
on the section that demonstrates the greatest extent of the lesion for CT
or MRI scans) and (2) the length of the longest diameter that may be
constructed perpendicular to the longest in-plane diameter. Tumor
response then is determined from a comparison of lesion bidimensional
measurements across temporally sequential imaging studies (31).

Nearly two decades later, the Response Evaluation Criteria in Solid
Tumors (RECIST) guidelines advocated the replacement of bidimen-
sional tumor measurements with unidimensional measurements,
specifically on CT or MRI scans: the length of the longest axial diame-
ter of the lesion (on the CT section that demonstrates the greatest extent
of the lesion) (32,33). Under these guidelines, a tumor is classified as
demonstrating (1) partial response, when the sum of the unidimen-
sional measurements of all lesions in a follow-up CT scan represents a
decrease of more than 30% from the baseline scan sum; (2) progressive
disease, when the unidimensional measurement sum in the follow-up
CT scan represents an increase of more than 20% from the baseline scan
sum (or if new lesions develop); (3) stable disease, when the extent of
measurement reduction is not great enough to qualify as partial
response or the extent of measurement increase is not great enough to
qualify as progressive disease; or (4) complete response, when the
follow-up scan demonstrates resolution of all lesions (33). These tumor
response criteria were found to be in concordance with the WHO cri-
teria of 50% reduction for partial response and 25% increase for pro-
gressive disease (32).

The measurement guidelines offered by WHO or RECIST, which
were designed for compact tumors, are generally not as appropriate for
mesothelioma with its circumferential growth pattern and often scal-
loped morphology (34,35). Accordingly, alternative CT measurement
protocols, adapted from RECIST, have been proposed specifically for
mesothelioma. For one such protocol that is gaining recognition,
between one and three unidimensional measurements of pleural thick-
ness are obtained on each of three CT sections (36,37). The sum of these
unidimensional measurements is used to represent tumor burden. The
RECIST guidelines for tumor response classification then are applied to
the summed measurements obtained from temporally sequential CT scans.

The actual manner in which tumor measurement protocols are
implemented raises issues of consistency and reproducibility. In studies
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unrelated to mesothelioma, inter- and intraobserver variability in the
selection and measurement of lesions in CT scans have been reported
(38–40); the circumferential morphology and axial extent of mesothe-
lioma, however, further complicate the measurement of this specific
tumor. Such difficulties may impair accurate evaluation of patient
prognosis and hinder an accurate evaluation of clinical trials. In a
recent study, Armato et al (41) articulated a three-step process for the
manual measurement of mesothelioma that involves (1) selection of a
limited number of CT sections in which the disease is most prominent,
(2) identification of specific locations within the selected sections that
demonstrate the greatest extent of pleural thickening, and (3) the actual
measurement of tumor thickness at those locations. With the first two
of these steps held fixed, 95% limits of agreement for relative interob-
server difference of mesothelioma tumor thickness measurements were
found to span a range of 30% for a database of 22 CT scans. The inves-
tigators noted the expectation of increased variability had observers
been allowed to implement all three steps of the measurement process
and had temporally sequential scans of the patients been evaluated as
they are in actual clinical practice (41). Such variability may lead to dis-
cordant tumor response classification, which may adversely affect the
conduct of clinical trials.

Computed tomography provides an opportunity for computerized
image analysis methods to facilitate implementation of tumor mea-
surement protocols. Much progress has been made in the use of com-
puters to analyze medical images, and the potential of semiautomated
techniques for the measurement of tumor masses in CT has been shown
(42). Armato et al (41) developed a computer interface and computer-
ized techniques for the semiautomated generation of mesothelioma
tumor thickness measurements. User-identified points along the chest
wall or mediastinal boundary are automatically connected to the lung
boundary to provide pleural thickness measurements. In a study of 22
CT scans from mesothelioma patients, the mesothelioma measure-
ments generated by the semiautomated algorithms closely approxi-
mated the average measurements of five human observers. Of all
semiautomated tumor thickness measurements, 83% were within 
15% of the corresponding average manual measurements (41). Such
computer-assisted approaches are expected to greatly enhance the
utility of CT scans in the management of mesothelioma patients, to
reduce data acquisition time during clinical trials, and to make the radio-
logic assessment of mesothelioma more efficient and consistent.

Despite the volumetric capabilities of CT, tumor volume is not con-
sidered in the present clinical evaluation of mesothelioma. Some inves-
tigators have begun to explore tumor volume. Pass et al (43), for
example, showed a correlation between mesothelioma tumor volume
and median survival in a series of 48 patients. Furthermore, Prasad et
al (44) demonstrated that measurements of metastatic tumors based on
volume yield tumor response classifications that differ from those
obtained based on the RECIST guidelines, so that, in general, linear
measurements may not be accurate surrogates for tumor volume. The
fact that volume is not considered clinically, however, is out of neces-
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sity, not out of need. Volume measurements are needed, but such mea-
surements are exceedingly cumbersome and quite impractical to obtain
through manual approaches, especially for mesothelioma; clinicians,
therefore, have submitted to the more practical acquisition of a limited
number of unidimensional measurements. The extent to which unidi-
mensional measurements sufficiently capture the often asymmetric and
nonuniform three-dimensional growth of a morphologically complex
tumor such as mesothelioma is questionable, but volume measure-
ments will certainly require some degree of automation. To this end,
the power of the computer will be more fully realized by automated
and semiautomated methods that evaluate the two- and three-
dimensional characteristics of tumor area and volume.
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29
Endoscopic Imaging
Gian Franco Tassi and Gian Pietro Marchetti

The origin of mesothelioma from the serous membranes and its typical
local growth, with subsequent invasion of adjacent tissues, gives the
exploration of the pleural cavity (thoracoscopy) and of the peritoneal
cavity (laparoscopy) a crucial role in diagnosis.

Direct exploration of the serous membranes often facilitates the iden-
tification of lesions with a neoplastic aspect that can be sampled. It is
also possible to perform multiple biopsies essential for correct diagno-
sis using different techniques: histochemical, immunohistochemical,
and ultrastructural. Endoscopic examination is also important to estab-
lish the endocavitary extent of the tumor, giving data that complete
those from radiologic imaging—computed tomography (CT) in partic-
ular, but also magnetic resonance imaging (MRI) and positron emis-
sion tomography (PET) in certain situations.

Given the more frequent occurrence of pleural mesothelioma, thora-
coscopy is discussed first, followed by laparoscopy and its application
in the less frequent occurrence of peritoneal mesothelioma.

Thoracoscopy

Although the history of malignant pleural mesothelioma as a distinct
nosologic entity is relatively recent (c. 1920), the role of thoracoscopy
for diagnosis is even more recent. The first publications appeared in
the 1960s (1), and the use of the method on a large scale occurred in
the late 1980s (2,3). Thoracoscopy is now the standard examination to
obtain the histologic diagnosis of mesothelioma in vivo (4) because
endoscopic biopsies under direct vision yield a diagnosis in most 
cases (5), thereby equaling the accuracy previously produced only by
thoracotomy.

The procedure not only allows adequate and abundant tissue sam-
pling for immunohistochemical staining, which is necessary for differ-
ential diagnosis from adenocarcinoma, but also allows staging of the
disease which is a useful prognostic factor and an important element
in deciding therapy. In the initial stages, where neoplastic presence is
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restricted to the parietal and diaphragmatic pleura, local treatment
with immunomodulators can be effective, while in more advanced
cases it is possible to perform a palliative talc pleurodesis (6).

The exploration of the pleural cavity can now be considered all but
obligatory when mesothelioma is suspected, not only for its singular
diagnostic importance but also for its prognostic and therapeutic value.

Technique

Medical thoracoscopy and surgical thoracoscopy are quite different (7),
both in anesthesia and instrumentation, and in the way they are per-
formed. Medical thoracoscopy is carried out in an endoscopy room
under local anesthesia or neuroleptoanalgesia, with one or two points
of entry and 7-mm instruments. Surgical thoracoscopy is carried out in
an operating room under general anesthesia, often with double lumen
intubation, two to three points of entry, and 10-mm instruments. On
the basis of our direct experience (250 cases examined between 1983
and 2002), we consider medical thoracoscopy to be the best way for the
diagnosis of mesothelioma, given its simple execution, lower financial
cost, and good tolerance by patients.

The normal instrumentation includes a rigid endoscope with a video
camera, connected to a cold-light source using a 7-mm-diameter direct
(0 degree) and lateral (50 degree) optic, and optical forceps for the
biopsy of the parietal and visceral pleura.

The exploration of the pleural cavity is possible only when a pneu-
mothorax has been created, which in medical thoracoscopy in cases of
effusion, occurs on the entry of ambient air after the aspiration of the
liquid; in the absence of effusion, it is induced artificially before the
exam (8). A trocar is then inserted, generally in the fifth or sixth inter-
costal space in the midaxillary line, through which the thoracoscope is
passed. The pleural cavity is explored first with the direct optic and
then with the lateral optic, which is essential for the proper study of
the thoracic angles. If necessary, a second trocar can be positioned to
carry out lung biopsies using coagulating forceps.

In the case of mesothelioma, to prevent tumor seeding after the pro-
cedure, it is necessary to carry out local radiotherapy (9), which has
also proved an effective treatment in our experience.

Samples of the parietal and diaphragmatic pleura are taken with
double-spoon forceps, which remove the tissue without tearing it.
Samples from the lungs are taken through the second point of entry
using coagulating forceps to ensure hemostasis of the lung and the
closure of the pleural breach. Multiple biopsy samples—at least 10 and
of a reasonable size (minimum 4mm)—should be taken (4), both of
suspect neoplastic lesions such as nodules and masses, and in differ-
ent pleural areas.

To improve the already good tolerance by patients to this method,
we have recently developed a mini-invasive technique that we have
called minithoracoscopy (10), which is particularly well tolerated
because of the small caliber of the instruments. This technique can be
carried out without problems under local anesthesia and is suitable in
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particular for patients with either a small thorax or restricted intercostal
spaces, and in treating minor, especially loculated, effusions. Two
points of entry are used (one for the endoscope and one for the bioptic
forceps) positioned about 4cm from each other, achieving a good explo-
ration of the thoracic cavity and enabling bioptic samples of 5 ¥ 10mm.

Diagnostic Value

If we compare data regarding the sensitivity of the methods used prior
to thoracoscopy, the clear advantage of the latter is quite evident. Our
experience, similar to the results of larger case studies (6), demonstrates
that mesothelioma can be diagnosed by thoracoscopy in over 90% of
cases, much higher than the diagnostic yield of about 40% achieved
using pleural needle biopsy and fluid cytology (6). The small percent-
age of false negatives present in all the studies is generally due to the
incomplete exploration of the pleural cavity caused by adhesions that
cannot be divided endoscopically. It should also be emphasized that
this is usually the case when an endoscopic exam is delayed too long
and is performed several months after the appearance of an effusion.
It therefore can be supposed that prompt use of the method in the
investigation of pleurisies that have not been diagnosed using other
means can further increase the sensitivity of the technique.

Thoracoscopic Findings

To achieve a correct interpretation of thoracoscopic findings, it is first
necessary to establish if there are adhesions between the lungs and the
thoracic walls, and whether these adhesions can be resected. If they
cannot be resected, they can render the exploration of the pleural cavity
incomplete and therefore inadequate. However, even an incomplete
exploration can be sufficient if it shows the presence of macroscopically
neoplastic pleura and significant biopsies are obtained.

Good knowledge of the endoscopic appearance of normal and abnor-
mal pleura is always necessary to identify aspects that are clearly
tumoral or generically inflammatory. Tumoral lesions are nodules,
masses, pleural thickenings, and pachypleuritis with a neoplastic
aspect. Nodules (Fig. 29.1) are small solid lumps between 1 and 10mm
in diameter and can be either isolated and infrequent, or, more often,
numerous and widespread. Masses are larger pathologic formations
(>10mm) and often confluent. Pleural thickenings with a neoplastic
aspect are areas with a thickness of several millimeters with whitish,
poorly vascularized tissue and an irregular surface with ill-defined
limits and an infiltrative aspect. Malignant pachypleuritis (Fig. 29.2) 
presents a diffuse, usually whitish, thickening with an irregular
surface.

Lesions that can present in isolation are nodules, masses, and limited
thickenings, even though in many cases they are present as multiple
lesions. Simple inflammation, in which the presence of mesothelioma
is a histologic “surprise,” is less frequent [6.5% in Boutin and Rey’s (2)
case studies and 1.2% in ours (Table 29.1)]. It is important to be aware
of and recognize such occurrences in order to avoid the risk of under-
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Figure 29.1. Neoplastic parietal nodules in T1a epithelial mesothelioma.

Figure 29.2. Pachypleuritic pattern in sarcomatous mesothelioma.

Table 29.1. Thoracoscopic findings in 250 cases
of mesothelioma
Finding Number Percent

Nodules 99 39.6
Masses 14 5.6
Pleural thickenings 28 11.2
Pachypleuritis 26 10.4
Inflammation 3 1.2
Multiple lesions 80 32



estimating their importance, justifying the need for multiple biopsies
in all cases of indeterminate effusion in subjects with possible exposure
to asbestos.

The endoscopic findings described can be divided into three broad
categories correlating to clinical and radiological data: pachypleuritic,
multinodular, and “aspecific” patterns. Pachypleuritis can be predicted
in the presence of a retraction of the hemithorax and with linear 
thickenings, visible on the circumference with CT, and often with the
absence of pleural effusion. Endoscopically the costal pleura is rigid
with decreased respiratory movements, and the intercostal spaces,
when visible, are considerably reduced. Hard whitish tissue, poorly
vascularized, covers the surface of all the pleural cavity, in particular,
the parietal and diaphragmatic, but often also the visceral pleura, in
particular, in the area of the fissures. It is simple to take a bioptic sample
and it is often possible to decorticate extensive areas of the tissue. After
the biopsy of the pleural thickening, it is always advisable to repeat the
sampling in the decorticated areas to verify the extent of neoplastic
infiltration in the subpleural tissues.

The multinodular pattern is normally identifiable with CT because the
nodular structures and masses absorb the contrast medium that high-
lights them against the liquid of the effusion, which is almost always
present. A reddish color is predominant in endoscopy because the
nodules and masses, usually multiple, have increased vascularity, and
while affecting various surfaces, tend to predominate in the lower
middle regions of the costal pleura. Often a dense and viscous liquid
flows from them after biopsy.

The “aspecific” pattern is characterized by findings of relative nor-
mality by CT, which shows only the pleural effusion. In an endoscopic
examination, simple inflammation can be seen together with spots of
thickening in the lower parietal regions and small areas with a granu-
lar surface, indicating lymphangitis (6).

In the presence of neoplastic lesions, it is not possible to differentiate
between mesothelioma and pleural metastases of other tumors because
the modifications are often similar. However, in our experience some
endoscopic patterns are more frequent with mesothelioma (Table 29.2).

An important aspect for diagnosis is represented by the presence of
fibrohyaline plaques (irregular surface with nodules with the appear-
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Table 29.2. Differential endoscopic diagnosis between mesothe-
lioma and neoplasic metastases
Finding Mesothelioma Metastases

Asbestotic fibrohyaline plaques Yes No
Emidiaphragm involved Always Occasional
Costal sectors involved Middle/lower All
Involvement limited to fissures Yes No
Rigid emidiaphragm Yes No
Multiple lesions Frequent Rare
“Hard” parietal pleura Yes No
“Grape-like” aspect Frequent Rare



ance of “candle-wax drops”), which we observed in 36 (14.4%) of 
our 250 patients. These plaques, which indicate previous exposure 
to asbestos (11), together with obvious neoplastic lesions (nodules,
masses, thickenings), clearly point to a diagnosis of mesothelioma. In
our experience of 1000 thoracoscopies in neoplastic pleurisy, we have
never found these plaques associated with other tumors. Another dis-
tinctive aspect is the invasion of the diaphragm, which is frequent with
mesothelioma, but almost always absent with metastases, the latter
also being characterized by a widespread invasion of the costal pleura.
Neoplastic visceral invasions limited to the fissures can be observed in
mesothelioma, while with metastases there is a larger visceral invasion.
The primitive neoplasia more often provides a “mixed” endoscopic
picture with more elementary lesions and “hard” parietal pleura on
bioptic sampling, while metastatic tumors are more often monomor-
phous. The respiratory movements of the lung and diaphragm are also
different, being reduced in mesothelioma and normal in metastases.

Some authors describe as a characteristic endoscopic sign, even if not
exclusive to mesothelioma, confluent nodulations that are white or 
yellowish, translucent, with a “grape-like” appearance (Fig. 29.3), from
which a dense and viscous liquid flows after biopsy (2).

Endoscopic evaluation, besides examining the macroscopic aspects
of the pleura, should define neoplastic or inflammatory character, and
in cases of tumorous pleura, identify the extent of neoplastic invasion
and the type and dimensions of the lesions.

The extent of the neoplasia should be identified in the different parts
of the parietal pleura (costal, diaphragmatic, mediastinal), the visceral
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pleura, and the pericardium, to map out the pleural cavity in order to
identify the points where biopsies are performed and also for its pre-
dictive value. There are reports that cases with involvement of less than
a third of the pleural cavity have a better prognosis (3). The identifica-
tion of visceral pleura involvement is crucial to establish the stage of
development of the disease (see Endoscopic Staging, below), and in this
case, it is often necessary to perform pulmonary biopsies. A simple and
effective technique is to use electrically isolated coagulating forceps,
which are introduced through the point of entry for the thoracoscope
or through a second trocar (7). This technique has the advantage of
sealing the surface of the lung and thus avoiding an air leak. The explo-
ration of the visceral pleura should be carried out in minute detail, 
with particular attention to the fissures where neoplastic nodules can
be found, which are not immediately evident. A pulmonary biopsy,
however, should be avoided in the area of the fissures because of the
risk of vascular injury. The type and dimensions of the lesions should
also be accurately recorded, since inflammatory and nodular patterns
appear to have a better prognosis (3).

Benign Asbestos-Induced Pleural Lesions

In endoscopic evaluation of mesothelioma, the important benign
lesions, when considering a possible correlation with previous expo-
sure to asbestos, are pleural hyaline plaques and parietal “black spots.”
Both are alterations caused by the migration of asbestos fiber in the
pleural space (translocation) and from their accumulation in the areas
where lymphatic tissues are more numerous (11).

Pleural plaques are now considered highly specific in determining
exposure to asbestos, and their extent appears directly correlated to the
intensity of exposure (11,12). Endoscopically they present as whitish
elevations with a smooth surface, sometimes with pearl-like nodula-
tions and characteristic hard consistency (Fig. 29.4). In particular, their
fibrous consistency and well-defined borders, and their clearly visibil-
ity and elevation from the surrounding pleura, means that they can be
distinguished from neoplastic plaques whose borders infiltrate the
pleural tissue. They are more often located in the middle posterior area
of the costal pleura and in the tendinous portion of the diaphragm.
They are covered with normal mesothelium and originate from sub-
mesothelial tissues (13). Their presence together with neoplastic lesions
strongly suggests mesothelioma. However, it has not been demon-
strated that malignant mesothelioma develops from these plaques (14).
Parietal “black spots” are circular or irregular, less often linear, spots
that can be 3 to 10mm in diameter, rarely larger than 50mm, clustered
in groups of three to five or scattered as single areas. They are found
predominantly in the lower areas of the costal, paravertebral, and 
axillary pleura and on the diaphragm. These are deposits of carbon 
particles and other types of dust and correspond to the anatomic 
distribution of structures involved in pleral cavity clearance, like sub-
pleural lymphatic lacunae (13).
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The interest in mesothelioma in these black spots comes from both
the experimental and clinical demonstration of the presence in these
anatomic structures of asbestos fibers (15) and of their coexistence with
hyaline plaques, even though their spatial and topographic distribu-
tion are inversely correlated. It therefore has been proposed that these
black spots, developing independently from hyaline plaques, can ini-
tiate asbestos-related inflammatory and neoplastic modifications of 
the pleura (15). They should be examined and sampled during thora-
coscopy as they can undergo mineralogic analysis.

Endoscopic Staging

The principal contribution of pleural endoscopy to staging of mesothe-
lioma is the identification of involvement of the visceral pleura, which
can strongly influence the prognosis. It has been demonstrated that
cases evolve differently (3) depending on whether the involvement is
restricted exclusively to the parietal and diaphragmatic pleura, as
opposed to the visceral pleura, and in the same way, on whether the
visceral involvement is limited or extensive. The proposal to subdivide
stage I (tumor limited to the ipsilateral pleura) into Ia (parietal and
diaphragmatic pleura) and Ib (visceral pleura focally involved) (3) was
accepted in the tumor, node, metastasis (TNM) classification drawn up
by the International Mesothelioma Interest Group (IMIG) (16). The
IMIG defines T1a as “a tumor limited to the ipsilateral parietal includ-
ing mediastinal and diaphragmatic pleura” and T1b as a “tumor
involving parietal, mediastinal, and diaphragmatic pleura with scat-
tered foci of tumor also involving the visceral pleura” (16).
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In practice, thoracoscopy is the only method that allows the identi-
fication of visceral pleura small nodules (1–3mm), which are missed
by diagnosis using CT. It is also possible with thoracoscopy to perform
biopsies of the visceral pleura in suspect areas such as limited thick-
enings to define the true extent of the disease.

Conclusion

In recent years, thoracoscopy has become notably widespread thanks
to its simplicity, safety, and diagnostic effectiveness, which makes its
use indispensable in all pleural disease that cannot otherwise be diag-
nosed. This is in particular the case of mesothelioma in which there are
frequently difficulties and delays in achieving a definitive diagnosis.
The endoscopic exam has completely changed the approach to this
dreadful disease. It has not only allowed diagnosis in almost all cases,
but has also identified the initial phases of the disease that can be
treated effectively.

Laparoscopy

There is a substantial difference between pleural and peritoneal
mesothelioma, indicated by the fact of the greater rarity of the latter
(5,17), a rarity that has prevented the creation of sufficient case studies
to provide significant data on the endoscopic patterns of the disease.
However, in the presence of ascites with the clinical suspicion of
mesothelioma, laparoscopy represents the quickest and least invasive
means to obtain a diagnosis.

Technique

Diagnostic laparoscopy can be performed under either local or general
anesthesia. The first approach is preferred by gastroenterologists, and
in general, for laparoscopy in internal medicine, in which the exam is
performed with the patient under conscious sedation with cardiopul-
monary monitoring (18). Surgical laparoscopy, performed under
general anesthesia with tracheal intubation, is undoubtedly more inva-
sive, but necessary for an exploration extended to the omental bursa
and the perivascular regions, as in staging laparoscopy of abdominal
or pelvic tumors (18).

An endoscopy table is essential so that the patient can be put in the
Trendelenburg and reverse Trendelenburg positions during the exam
in order to move the ascitic fluid and the bowel (19). The instrument
normally used is a rigid endoscope with a video camera, connected to
a cold-light source, using 7- or 10-mm optics with a visual angle of 0
and 30 degrees.

To explore the peritoneal cavity, it is necessary to create an adequate
pneumoperitoneum, which is induced by insufflating CO2 or N2O
through a Veress needle inserted near the umbilicus. At the same point
a trocar is then introduced and the laparoscope is passed through it to
inspect the peritoneal cavity. A second trocar can be positioned under
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visual control for the bioptic forceps and accessory instruments. It is
important to place the trocars along the midline of the abdominal wall
(linea alba), which is less vascularized than other areas of the abdom-
inal wall, to reduce the spread of neoplasia in the points of entry and
to allow their excision in the event of proceeding with cytoreductive
surgery.

Biopsies are performed, using optical forceps or with forceps intro-
duced through a second trocar, on suspect neoplastic lesions, such as
nodules or masses, and should be multiple in order to provide suffi-
cient tissue for histopathologic examination.

For some years a technique known as minilaparoscopy has been used
with small-caliber instruments (20), which is minimally invasive and
facilitates good-quality sampling. It is ideal for carrying out the exam
under local anesthesia, does not leave scars, and is relatively painless
(21).

Diagnostic Value

A recent clinical classification of peritoneal mesothelioma established
a methodologic basis for the use of laparoscopy, helping to identify
patients for whom this exam is appropriate (17). Two clinical types of
the disease were identified: the “wet” type, which presents with symp-
toms of neoplastic ascites, and the “dry-painful” type, characterized by
painful mass lesions.

Laparoscopy is used for patients with ascites, who represent from
65% (17) to 90% (22) of cases. Cytologic examination of the ascitic liquid
is rarely diagnostic (5,17). Laparoscopy facilitates both a visual exami-
nation of the neoplastic lesions and multiple sampling, which is 
essential for correct pathologic diagnosis. This diagnosis is difficult,
since many abdominal and pelvic tumors show very similar peritoneal
seeding. Therefore, it is first necessary to distinguish mesothelioma
from carcinoma, and then, if dealing with mesothelioma, it is necessary
to distinguish the usual more frequent subtypes—epithelial, biphasic,
and sarcomatous—from well-differentiated papillary and cystic
mesotheliomas, which seem to represent a separate disease with a
better prognosis (5).

The endoscopic appearance of mesothelioma—nodules (Fig. 29.5),
plaques, or reddish masses that cover the parietal and visceral peri-
toneum—is indistinguishable from that of metastatic tumors. The only
distinctive characteristic appears to be the absence of hepatic parenchy-
mal metastases (23). Laparoscopy cannot provide a proper evaluation
of the true extent of the disease because the neoplastic growth provokes
an encasement of the viscera and extensive adhesions. However, there
is not yet an established staging system for peritoneal mesothelioma.

Laparoscopy is not advisable for the “dry-painful” type of the disease,
which presents in the form of masses without ascites. Only laparotomy
can provide an accurate diagnosis, because the observable lesions can be
thought to represent adenocarcinoma or intraabdominal abscesses (17);
needle aspiration, besides exposing the patient to the risk of neoplastic
seeding, is not able to provide a sufficient quantity of tissue.
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It should be noted that laparoscopy can be used for preoperative
evaluation of pleural mesothelioma when CT has been unable to
exclude diaphragmatic invasion, the presence of which would hinder
surgical treatment (24). The use of MRI, and more recently, multisliced
CT with reconstruction of coronal images, has made this application of
laparoscopy an exception.

Conclusion

Laparoscopy has a diagnostic role exclusively in peritoneal mesothe-
lioma with ascites. While considering some encouraging therapeutic
results that have been obtained with a combination of intraperitoneal
chemotherapy and cytoreductive surgery, laparoscopy should always
be performed with particular attention to the risk of neoplastic inva-
sion of the parietal scars to avoid patients becoming untreatable by
local-regional therapeutic strategies.
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30
Benign Mesotheliomas, Mesothelial

Proliferations, and Their Possible
Association with Asbestos Exposure

Giovan Giacomo Giordano and Oscar Nappi

Over the past several years the spectrum of mesothelial pathology 
has greatly increased (1). Nevertheless, benign mesotheliomas and
mesothelial proliferations represent a rather broad category, encom-
passing clearly defined lesions, aspecific reactive patterns, and prolif-
erating lesions that cannot yet be specifically defined. As any other
human tissue, mesothelial epithelium and submesothelial mesen-
chymal tissue react to injuries with reproducible patterns (2–4). In par-
ticular, benign epithelial lesions can express one or more of several
growth patterns, which can be divided into papillary, adenomatoid,
micro- or macrocystic, and solid or nodular (Table 30.1); malignant
epithelial mesotheliomas also exhibit a similar microarchitecture. The
range of benign submesothelial (mesenchymal) proliferations is much
more restricted and basically includes reactive fibrous and fibroscle-
rosing changes and the solitary fibrous tumor (formerly called benign
fibrous mesothelioma).

Several contributions concerning differential diagnostic criteria
between mesothelial reactive changes and malignant mesotheliomas
on small specimens (5,6) and cytologic material (7) have been pub-
lished; immunohistochemically, a strong linear membrane reactivity
for EMA and a nuclear reactivity for p53 are considered suspicious for
malignancy, but to a lesser extent both can be found also in reactive
proliferations (8). The evaluation of anamnestic data and clinical pre-
sentation always have to be considered.

Malignant Mesothelioma In Situ

For mesothelial proliferations showing frankly atypical cytologic fea-
tures without stromal invasion, the term malignant mesothelioma in situ
has been introduced; these changes are often found in proximity of inva-
sive mesothelioma or, rarely, before its development, and have been
considered morphologic precursors (9). Considering the poor effective-
ness of any treatment of invasive mesotheliomas, the recognition of 
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a stage 0 mesothelioma, on the basis of validated and universally
accepted criteria, should represent a critical step in the management of
this tumor. Unfortunately, in our experience, so far, reliable criteria for
this diagnosis have not been codified. Therefore, since mesothelial reac-
tive proliferations often show several degrees of cellular atypia, a diag-
nosis of malignant mesothelioma in situ should be made with extreme
caution considering the radical surgical therapy following this diagno-
sis. At the present time we think that only if there is a history of asbestos
exposure without evidence of recognized recent inflammatory pathol-
ogy and a multifocal or rather extensive mesothelial surface cell prolif-
erations with consistent nuclear atypias, a diagnosis of malignant
mesothelioma in situ should be suggested; otherwise, the term atypical
mesothelial hyperplasia should be used for these lesions (6) and a follow-
up with periodic observations could be preferable. Nevertheless, it is
noteworthy that cases of superficial atypical mesothelial changes asso-
ciated with infiltrating mesothelioma have been reported having an
inmmunoreactivity for EMA and p53 similar to that of invasive
mesothelioma (8); these features could represent an additional support
for a diagnosis of malignant mesothelioma in situ.

Epithelial Benign Mesotheliomas and 
Mesothelial Proliferation

Papillary Pattern

A papillary pattern is not uncommon in epithelial benign and malig-
nant mesothelial proliferations. Papillary-like cell aggregates are found
also in cytologic samples from serosal effusions secondary to malignant
as well as benign mesothelial pathology.

Well-differentiated papillary mesothelioma is an entity characterized
by a papillary growth pattern.

Well-Differentiated Papillary Mesothelioma
Well-differentiated papillary mesothelioma (WDPM) is a rare and
intriguing tumor (10–12). It is currently considered a low-grade malig-
nant tumor, more so than a fully benign tumor, in light of the wide
spectrum of lesions that are morphologically similar but biologically
different, including benign proliferations and aggressive lesions that
merge with true malignant mesothelioma.
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Table 30.1. Epithelial growth patterns of mesothelium as expressed
in benign proliferations
Epithelial growth pattern Benign mesothelial proliferations

Papillary R A, WDPM
Adenomatoid R A, AT
Solid-nodular R A, NHMH
(Micro-macro) cystic R A, AT, PMM
RA, reactive aspecific; WDPM, well-differentiated papillary mesothelioma; AT, adeno-
matoid tumor; NHMH, nodular histiocytic/mesothelial hyperplasia; PMM, peritoneal
multicystic mesothelioma.



The large majority of the cases arise in the peritoneum of women 30
to 40 years of age. However, sporadic cases also have been described
in the peritoneum of male patients, as well as in the pericardium,
pleura, and tunica vaginalis (13).

Clinically, the usual presentation is pain and serous effusion. Macro-
scopically, the lesion generally exhibits a superficial, sometimes multi-
focal vegetative proliferation. Microscopically, a papillary proliferation
characterized by papillae with a fibrovascular stalk lined by bland,
single mesothelial cells, is present (Fig. 30.1); no mitosis is usually
detected; in some case, psammomas bodies have been described. Pap-
illary proliferation is superficial but occasionally adenomatoid-like
microtubules in underlined stroma have been observed.

Immunohistochemically, proliferating cells are reactive for cytoker-
atin (CK) and mesothelial markers (calretinin, HMBE-1). Carcinoem-
bryonic antigen (CEA) is always negative. Especially on small biopsies,
WDPMs have to be differentiated from aspecific reactive mesothelial
hyperplasia, epithelial malignant mesothelioma with a prominent 
papillary pattern, and serous papillary carcinoma of the ovary and
peritoneum. Clinical presentation is important in differentiating
WDPM from reactive mesothelial hyperplasia that usually is not mass
forming and from malignant mesothelioma in which the cytomorpho-
logic features are also significant. Immunoreactivity for B72.3, Ber-Ep4,
CA19.9, and Leu-M1 and negativity for calretinin and HMBE-1 are
useful markers in differentiating WDPM, as well as malignant
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Figure 30.1. Well-differentiated papillary mesothelioma of peritoneum. This
field shows several papillary projections with a fibrovascular stalk lined by
bland, flat, single mesothelial cells. In the underneath stroma, a proliferation
of duct-like structures is seen. Inset: a papillary structure with a broad stalk
seen at high power.



mesotheliomas, from papillary serous carcinoma of the peritoneum or
of the ovary; CEA immunoreactivity is also an excellent negative
marker for mesothelial neoplasias but is not always detected in papil-
lary carcinoma (14,15).

Adenomatoid (Pseudoglandular, Tubular) Pattern

The adenomatoid pattern is also frequently expressed by proliferating
epithelial mesothelium as well as epithelial mesothelial tumors. Some-
times associated with a microcystic pattern, this pattern is typically rep-
resented by adenomatoid tumors. The so-called mesothelioma of the
atrioventricular node also shows a similar pattern but it does not have
a mesothelial origin.

Adenomatoid Tumor
Adenomatoid tumor (AT) is a benign mesothelial tumor with a domi-
nant tubular pattern. This tumor usually arises from the mesothelium
of the paratesticular region (16), from the serosal surface of the uterus
wall (17) and, much less frequently, from that of the ovary, salpynx, and
broad ligament. Exceptionally, it can arise also from the pleura (18) and
pericardium (19). Macroscopically, AT is usually a small nodule, often
found incidentally if it is less than 1cm. Microscopically, its growth
pattern is characterized by bland, flat, epithelioid cells arranged in
tubules, gland-like structures, microcysts, or cords (Fig. 30.2). Not infre-
quently, a cytoplasmatic vacuolization is present with a signet ring–like
feature. A mesothelial origin of the AT has been definitively confirmed
by ultrastructural and immunohistochemical studies (20,21); this tumor
always is immunoreactive for CK/cocktail, EMA, and calretinin.

472 Chapter 30 Benign Mesotheliomas and Mesothelial Proliferations

Figure 30.2. Adenomatoid tumor of rete testis. A proliferation of duct-like and
glandular-like structures in a fibrous stroma is shown.



Sometimes AT has to be histologically differentiated from adenocar-
cinomas, vascular tumors, and on rare occasions, from malignant
epithelial mesotheliomas with a dominant tubular/glandular pattern.
Appropriate immunohistochemical reactions, such as CEA and other
possible markers for specific adenocarcinomas as well as endothelial
markers, usually help to clarify the diagnosis in selected cases.

Rarely, cases of AT having an infiltrating local pattern have been
reported, but the behavior of AT is usually indolent and benign.

Mesothelioma of the Atrioventricular Node
The so-called mesothelioma of the atrioventricular node is not a true
mesothelioma. This definition is a misnomer based on historical obser-
vations regarding the similarity of the proliferative cells with mesothe-
lial cells and the lesion’s pattern with that of an adenomatoid tumor.
Today, it has been accepted that it arises from a congenital heterotopia
of endodermal tissue (22–24). The large majority of these tumors has
been detected during autopsy (some sporadic cases have been reported
in transplanted hearts) and most of them, although inconspicuous,
range in size from a few millimeters to 1 to 2cm and have been consid-
ered the cause of death in cardiac arrest or ventricular fibrillation (23).

Macroscopically, this tumor often exhibits micropolycystic features
in the area of the atrioventricular node. Microscopically, microcystic
spaces are lined by bland, flat, mesothelioid cells that are immunore-
active for CK; positivity for CEA also has been reported.

Cystic/Microcystic Pattern

Although cases of AT with a dominant microcystic pattern have been
reported, the best example of a lesion characterized by this pattern is
the peritoneal multicystic mesothelioma.

Peritoneal Multicystic Mesothelioma
Peritoneal multicystic mesothelioma (PMM) arises almost exclusively
from the peritoneum (2,25); exceptional cases have been described in
the testis (26) and pleura (27). Like adenomatoid tumor, the histogen-
esis of PMM has also been controversial, the true mesothelial origin
having been confirmed only recently by ultrastructural and immuno-
histochemical studies. Cystic mesotheliomas, arising from serosal peri-
toneal membranes, can apparently involve the parenchyma of single
peritoneal and pelvic organs. The common clinical setting is the pelvic
peritoneum of young female patients; on the basis of the size of the
proliferation, it can be accidentally detected, present vague symptoms,
or show a palpable abdominal mass and pain; ascitis is rarely present.
It can be also multifocal with synchronous or metachronous prolifer-
ating lesions in several parts of the abdomen and pelvis. Macroscopi-
cally, one cyst (in this case, terms such as cystic mesothelioma and
mesothelial cyst seem more appropriate) or several cysts with thin 
walls and variable size are present; cysts usually have a fluid content
(2,25).
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Microscopically, the internal cystic surface is lined by bland, flat,
endothelioid cells (Fig. 30.3); immunoreactivity for cytokeratin/
cocktail, calretinin, or HMBE-1 is diagnostically present. A common,
sometimes difficult, differential diagnosis is with (multi)cystic lymph-
angiomas; nevertheless, immunoreactivity for endothelial markers 
and immunonegativity for cytokeratin usually permit a correct 
diagnosis.

Basically, PMM is a benign tumor, but radical surgery is mandatory
because of the possibility of recurrences; follow-up is needed also
because of multifocality. Cases of malignant cystic mesothelioma have
been reported, but in the majority of cases cytologic and clinical 
features generally clarify the diagnosis. It is important to remember
that in the spectrum of mesothelial proliferations, cystic is not always
synonymous with benign (2,25).

Solid/Nodular Pattern

Within reactive hyperplastic changes of the mesothelium, a solid
pattern can be focally or extensively present. Moreover, there are some
peculiar clinical settings in which this pattern is characteristically
observed:

• Inguinal or umbilical hernia sacs, following chronic injury or incar-
ceration of mesothelium (Fig. 30.4): This feature, not infrequently
found in hernia sacs of children but also adults, has been defined as
nodular mesothelial hyperplasia and has sometimes led to a misdi-
agnosis of malignancy (28).
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Figure 30.3. Peritoneal multicystic mesothelioma. Several cystic structures
internally lined by flat mesothelioid cells are shown. Inset: mesothelioid cells
stained with cytokeratin (CK).



• Cardiac excrescences variously interpreted and called histiocytoid
hemangioma-like lesions (HHLL) (29) or mesothelial/monocytic
incidental cardiac excrescence (MICE) (30): These are characterized
by nests of round mesothelioid cells usually detected during cardiac
surgery; some authors have considered these lesions to be artifactu-
ally determined by aspirated mesothelial cells during cardiotomy
suction (31).

• Nodular aggregates found in transbronchial biopsies: These can 
represent a potential source of misdiagnosis, especially versus 
neuroendocrine tumors (32).

The immunohistochemical evidence that many, if not most, of the
round mesothelioid cells present in these lesions are immunoreactive
for CD 68, a hystiocytic marker, and not for cytokeratin, which is pos-
itive only in other cells, has suggested that in most cases of the above-
mentioned pathologic findings, a mixed proliferation of histiocytes and
mesothelial cells is present; alternatively, such evidence suggests that
the mesothelial cells are entrapped and not proliferating. Consequently,
a diagnosis of nodular histiocytic/mesothelial hyperplasia has been
suggested for all of them (33).

Mesenchymal Benign Mesothelial Tumors and
Mesothelial Proliferations

Benign mesothelial lesions characterized by proliferations of mesenchy-
mal tissue are basically represented by reactive submesothelial fibroscle-
rotic proliferations and the localized fibrous tumor. Submesothelial
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Figure 30.4. Nodular mesothelial hyperplasia in the inguinal hernia sac. A
nodular aggregation of mesothelioid cells in the stroma is seen.



fibrosclerotic proliferations are relatively common reactions of serosal
membranes to chronic injuries. Pleural plaques (PPs) and chronic fibrous
pleurisy, with the so-called fibrothorax at the extremity of the spectrum,
are the best clinically defined of them. Pleural plaques are firm, some-
times calcified lesions, present in the parietal pleura, microscopically
characterized by hypocellular collagen-rich mesenchymal proliferation
with a distinctive basket-weave pattern. They can present as single or
multiple lesions ranging from a few millimeters to several centimeters.
A relation with asbestos exposure is widely accepted and sufficiently
documented; in selected cases, association with malignant mesothe-
lioma has been described as well. Other pneumoconioses have been
reported to be associated with PP; in our experience, in spite of different
reported considerations, clinical presentation, number of lesions, and
microscopic morphology of these cases substantially overlap those that
are secondary to asbestos exposure.

Chronic Fibrous Pleurisy

Chronic fibrous pleurisy (CFP), especially in case of small biopsies, pre-
sents serious problems of differential diagnosis with sarcomatous
mesotheliomas if a consistent spindle cell proliferation is present, or
with desmoplastic malignant mesotheliomas (DMMs) if, as occurs
more frequently, the lesion is sclerotic and paucicellular (Fig. 30.5).
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Figure 30.5. Fibrosing pleurisy (FP) (left) and desmoplastic malignant
mesothelioma (DMM) (right) are shown side by side. The two lesions are
impressively similar; DMM (upper right) shows some degree of nuclear atypia.
Cytokeratin is strongly expressed in DMM (lower right) but a focal and weak
positivity is also present in FP (lower left).



Reliable criteria of malignancy, in absence of frank sarcomatous over-
growths, are currently being considered (6): absence of a zonal effect
(consisting of a superficial high cellularity and deep paucicellularity,
usually present in chronic fibrotic reactions); invasion of surrounding
tissues (adipose tissue, skeletal muscle, lung parenchyma); the so-
called bland necrosis, typical of DMM and consisting of circumscribed
areas in which necrosis is demonstrated by a poorly stained eosin; and
absence of an elongated capillary vessel perpendicular to the serosal
surface as an expression of the reactive granulation tissue usually
present in CFP.

Immunohistochemistry is usually of little help; it is remarkable that,
after an injury causing denudation of mesothelial layers, submesothelial
fibroblasts that normally expressed vimentin only acquire immunoreac-
tivity for low molecular weight cytokeratin. For this reason, in the pres-
ence of mesenchymal mesothelial proliferations, the positivity for
cytokeratin should not be considered as diagnostic of desmoplastic
mesothelioma (2,6). Nevertheless, a clear immunonegativity, or a
weakly focal positivity for cytokeratin, favors the diagnosis of fibrosing
pleurisy, and the immunopositivity of fibrosclerosing proliferation infil-
trating lung parenchyma or striated muscle favors that of DMM.

Localized Fibrous Tumor of the Pleura

Localized fibrous tumor (LFT) of the pleura, although variously
named, has been thought for many decades to arise from surface
mesothelial cells and, therefore, to be a benign mesothelioma. Today, it
is considered a pleural localization of a potentially ubiquitous lesion of
mesenchymal origin (34). It can arise in the pleura of patients of both
sexes and of any age. In about 50% of cases, the tumor is asymptomatic
and incidentally found; otherwise, cough, pain, and dyspnea are
common symptoms. Typically, LFT is separated from the (generally 
visceral) pleura by a peduncle, resulting in a polypoid mass, which 
can also reach great size (up to 40cm) and consistent weight. The cut
surface is firmly fibrous.

Microscopically, several features have been described: sclerosing,
myxoid, and hemangiopericytomatous. Typically LFT is immunoreac-
tive for CD 34 (35); the positivity for this marker is needed to con-
firm the diagnosis (Fig. 30.6). Bcl-2 (36) and CD 99 (37), both positive
in the majority of cases, are considered useful to distinguish LFT from
sarcomatoid malignant mesothelioma, which is only sporadically
immunoreactive for them (37,38).

Some cases of LFT have a malignant behavior; histological criteria
for selecting them are similar to those of other mesenchymal neo-
plasias: an increase in cellularity, nuclear atypias, an infiltrative pattern,
and a greater mitotic index (more than 4¥ high-power fields). Solitary
fibrous tumors have been described everywhere, including the peri-
cardium (39), vaginalis testis (16) and the peritoneum (40).
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Possible Relation of Benign Mesotheliomas and
Mesothelial Proliferations to Asbestos Exposure

To the best of our knowledge, excluding some sporadic and question-
able reported cases, in none of the benign mesotheliomas described,
above does the asbestos exposure play a statistically significant role;
the only mesothelial reactive change generally considered secondary
to asbestos exposure is the fibrosis macroscopically expressed by
pleural plaques (2).
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31
Cytology of Malignant

Mesothelioma
Richard M. DeMay

Because patients with mesotheliomas frequently present with effusions,
cytologic examination of the effusion fluid may be the first diagnostic
study. The fluid is often yellowish, but many are bloody (1–3). It is 
characteristically thick and mucoid owing to hyaluronic acid content.
The cell count is high, and typically remains high after repeated taps,
which is unusual in benign effusions.

In theory, the diagnosis of mesothelioma is easy, based on malignant
cells that look like mesothelial cells (Figs. 31.1 and 31.2). There is no
“foreign,” alien, extra, or discrete population of tumor cells, in contrast
with metastatic malignancy (4–7). Instead, there is a morphologic
“kinship” of the malignant cells with native mesothelial cells, forming a
continuous spectrum from apparently benign to atypical to malignant-
appearing mesothelial cells (4–13).

In practice, the diagnosis of mesothelioma can be difficult. For
example, the “kinship” that is so characteristic of mesothelioma is a
two-edged sword (4). This same morphologic feature that makes the
diagnosis possible can also make the diagnosis impossible in some
cases. Some mesotheliomas show only subtle cytologic abnormalities
(5,9,14). The malignant cells can be indistinguishable from benign, reac-
tive mesothelial cells or even macrophages (12,15,16). At the other end
of the spectrum, in poorly differentiated tumors, the diagnosis of malig-
nancy may be obvious, but the mesothelial origin may not be (4).

A key observation in the cytologic diagnosis of mesothelioma—one
that can be made at low microscopic power—is the presence of “more
and bigger cells, in more and bigger clusters” (4). Extreme mesothelial
cellularity suggests the diagnosis of mesothelioma (9–11,17,18), al-
though abundant mesothelial cells can also occur in some benign con-
ditions and not all mesotheliomas yield highly cellular specimens (4).
Furthermore, too many large clusters of cells suggest a diagnosis of
malignancy, particularly in pleural effusions, although again, not every
case has this feature (19).

Cell groups can range from small to large; large groups are sometimes
composed of hundreds of cells (12,13,20). Single cells are usually present
in mesothelioma, and predominate in some cases (6,8,9,11,12,14,21).
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When single cells predominate, the diagnosis can be more difficult; a
possible clue may be the sheer number of mesothelial cells (14).

Cell aggregates in mesothelioma characteristically are large, and
have knobby, flower-like, berry-like, or highly complex contours (Fig.
31.3) (4,11,17). In contrast, cell aggregates in benign effusions are fewer,
smaller, and less complex (13,18). Cell aggregates in adenocarcinoma
can be large, but tend to have smooth, community borders (5). The clus-
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Figure 31.1. Malignant mesothelioma: malignant mesothelial–like cells. Pap
stain (400¥).

Figure 31.2. Malignant mesothelioma: malignant mesothelial–like cells. Roma-
novsky stain (400¥).



ters are usually solid in mesothelioma, but can be hollow, mimicking
glandular acini (5,11,18). True acinar formation is characteristic of ade-
nocarcinoma. Cell aggregates with central cores of collagen usually
indicate mesothelial cells (benign or malignant) (22). Collagen cores are
rare in adenocarcinoma. The collagenous material is homogeneous and
translucent. It stains cyanophilic in the Papanicolaou (Pap) stain and 
is slightly metachromatic in Romanovsky stains (Fig. 31.4). Papillary
aggregates, though nonspecific, are more common in mesothelioma
than in either adenocarcinoma or benign effusions (16,21,23).

“Cell-in-cell” patterns (also known as “cell-embracing,” “pincer-like
grip,” “cell engulfment,” and “cannibalism”) (Fig. 31.5) are more
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Figure 31.3. Malignant mesothelioma: complex aggregate of malignant meso-
thelial cells. Pap stain (200¥).

Figure 31.4. Malignant mesothelioma: metachromatic collagen core. Roma-
novsky stain (400¥).



common and more complex in mesothelioma than benign effusions
(4,5,7,14,17,23). “Windows” (openings between adjacent cells) are a
characteristic feature of (benign or malignant) mesothelial cells, and are
more common in mesothelioma than in adenocarcinoma (24) (Fig. 31.1).
Unfortunately, there are exceptions to these general rules presented
above, such as community borders in mesothelioma and knobby con-
tours in adenocarcinoma (5).

Malignant mesothelial cells are typically more variable in size than
benign mesothelial cells and frequently larger and sometimes even
giant (Fig. 31.6) (5,25). However, frankly bizarre-appearing cells favor
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Figure 31.5. Malignant mesothelioma: cell-in-cell pattern, “pincer-like grip,”
characteristic of mesothelial cells. Pap stain (400¥).

Figure 31.6. Malignant mesothelioma: giant mesothelial cell. Pap stain (400¥).



a diagnosis of carcinoma. Classically, the nucleus (N) and cytoplasm
(C) tend to change in size proportionately, so that the N/C ratio
remains relatively constant. This imparts a certain degree of uniformity
to mesothelioma, not usually seen in adenocarcinoma (4,26).

The cytoplasm of mesothelial cells is characteristically dense in the
center (endoplasm) and delicate toward the edges (ectoplasm) (Figs.
31.1 and 31.2) (9). A characteristic “two-tone” staining pattern is some-
times seen, in which the endoplasm stains pink to orange and the ecto-
plasm blue to green (4,9,19). Sometimes, dense, coagulated mummified
cells (similar to Councilman bodies in the liver) are seen in mesothe-
lioma. These cells look a bit like dyskeratocytes, with pink-to-orange
cytoplasm and dark, pyknotic nuclei (Fig. 31.7) (4). Though rare, they
are a marker for mesothelioma (exclude squamous cell carcinoma)
(14,19).

Microvilli can sometimes be appreciated in the Pap stain as fine cyto-
plasmic projections that are metachromatic (pink) in Romanovsky
stains (4). Microvilli are rarely seen on adenocarcinoma cells in effu-
sions, and even when they are, the microvilli are stubby and only
present on the “luminal” surface (in cell blocks). Similarly, cytoplasmic
blebs (prominent cytoplasmic outpouchings, probably degenerated
microvilli that coalesce) are often accentuated in malignant mesothe-
lial cells, compared with benign ones, and are uncommonly seen in
adenocarcinomas (23).

Several kinds of vacuoles can be seen in mesothelioma, including
tiny lipid vacuoles, larger glycogen vacuoles, hard-edged hyaluronic
acid vacuoles, and clear, degenerative vacuoles. Both the number of
vacuoles and the number of vacuolated cells are highly variable. Ade-
nocarcinoma can also have lipid, glycogen, mucin, or degenerative 
vacuoles. Cytoplasmic vacuoles are often best appreciated with
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Figure 31.7. Malignant mesothelioma: “mummified” mesothelial cell. Pap
stain (400¥).



Romanovsky stains (4,12,23,27). Special stains can be helpful in differ-
ential diagnosis of vacuoles.

Mesothelial nuclei are usually located near the center of the cell,
while eccentrically located nuclei are more characteristic of adeno-
carcinoma (4,8,12). Binucleation and trinucleation are fairly common,
and multinucleation occurs, although these are nonspecific findings.
Although the usual nuclear criteria of malignancy (pleomorphism,
enlargement, abnormal chromatin, nucleoli, etc.) apply in the diagno-
sis of mesothelioma (19), nuclear atypia can be subtle in some cases
(6,18). Conversely, marked nuclear atypia can be seen in benign con-
ditions such as hepatitis, uremia, pancreatitis, and postradiation, as
well as adenocarcinoma. Degeneration can cause changes that mimic
malignancy.

Marked nuclear membrane irregularity is associated with malig-
nancy, but may not be a prominent feature. Irregular nuclear mem-
branes can also be seen in benign mesothelial cells, particularly in
washing specimens (“daisy cells”). Intranuclear cytoplasmic invagina-
tions, rare in benign mesothelial cells, can be seen in either mesothe-
lioma or adenocarcinoma (4,12,28,29). Chromatin abnormalities range
from subtle to obvious. However, marked hyperchromasia is usually
absent, unless the cells are degenerated (which usually gives the chro-
matin a smudgy, homogeneous appearance) (14). Nucleoli are usually
seen in mesothelioma and may be enlarged, multiple, or irregular in
outline (30). Macronucleoli, if present, suggest malignancy (19).
Mitoses are uncommon, and not helpful in diagnosis unless they are
clearly abnormal (9,12,14).

The hyaluronic acid that is characteristic of mesothelioma can some-
times be seen in cytologic specimens as a flocculent material in the
background of the slide (4,9). In Romanovsky stains it resembles syn-
ovial fluid: coarsely granular, pink (metachromatic) precipitate (16). In
the Pap stain, it ranges from granular to fluffy to bubbly in appearance
(Fig. 31.8) (31).

Psammoma bodies or marked lymphocytic infiltration can occur in
mesothelioma (12,32); both are nonspecific (23). Necrosis and debris are
not common in mesothelioma, but favor malignancy when seen (with
exceptions, particularly infections) (12,33).

False-negative diagnoses are well known in mesothelioma. Most
false negatives are due to inadequate sampling (i.e., unsatisfactory
specimens with few or no mesothelial cells) (19,34). Sarcomatous
mesothelioma is rarely diagnosed in exfoliative cytology, since few or
no diagnostic cells are exfoliated (35,36). Benign mesothelial prolifera-
tions with reactive (“atypical”) mesothelial cells can be difficult to 
distinguish from mesotheliomas (see below) (30). Conversely, cytolog-
ically bland mesotheliomas, composed of cells resembling benign
mesothelial cells or histiocytes, are difficult to recognize as malignant
(15,16,37). At the other extreme, sometimes the malignant cells are
highly abnormal appearing, with clearly malignant features. In such
cases, the diagnosis of malignancy may be obvious, but the cell of
origin may not be evident (13,38).
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False-positive diagnoses of mesothelioma are rare, but can occur
(14,19). Although large clusters of benign mesothelial cells can occa-
sionally be seen in benign effusions, particularly in pericardial 
effusions or ascites, they are unusual (19,39–42). Diagnosis of mesothe-
lioma based on complex aggregates of atypical mesothelial cells is reli-
able, but diagnosis based on single atypical mesothelial cells is more
difficult (19).

References

1. Antman KH. Clinical presentation and natural history of benign and malig-
nant mesothelioma. Semin Oncol 1981;8:313–319.

2. Pisani RJ, Colby TV, Williams DE. Malignant mesothelioma of the pleura.
Mayo Clin Proc 1988;63:1234–1244.

3. Ribak J, Lilis R, Suzuki Y, et al. Malignant mesothelioma in a cohort of
asbestos insulation workers: clinical presentation, diagnosis, and causes of
death. Br J Ind Med 1988;45:182–187.

4. DeMay RM. The Art and Science of Cytopathology. Vol I: Exfoliative Cytol-
ogy, Vol II: Aspiration Cytology. Chicago: American Society of Clinical
Pathologists, 1966.

5. Ehya H. The cytologic diagnosis of mesothelioma. Semin Diagn Pathol
1986;3:196–203.

6. Triol JH, Conston AS, Chandler SV. Malignant mesothelioma: cytopathol-
ogy of 75 cases seen in a New Jersey community hospital. Acta Cytol 1984;
28:37–45.

7. Whitaker D, Shilkin KB. The cytology of malignant mesothelioma in
Western Australia. Acta Cytol 1978;22: 67–70.

8. Klempman S. The exfoliative cytology of diffuse pleural mesothelioma.
Cancer 1962;15:691–704.

R.M. DeMay 487

Figure 31.8. Malignant mesothelioma: flocculent background, hyaluronic acid.
Pap stain (400¥).



9. Naylor B. The exfoliative cytology of diffuse malignant mesothelioma. 
J Pathol Bact 1963;86:293–298.

10. Nguyen G-K. Cytopathology of pleural mesotheliomas. Am J Clin Pathol
2000;114(suppl 1, Pathol Patterns Rev):S68–S81.

11. Roberts GH, Campbell GM. Exfoliative cytology of diffuse mesothelioma.
J Clin Pathol 1972;25:577–582.

12. Sherman ME, Mark EJ. Effusion cytology in the diagnosis of malignant
epithelioid and biphasic pleural mesothelioma. Arch Pathol Lab Med 1990;
114:845–851.

13. Whitaker D, Shilkin KB. Diagnosis of pleural malignant mesothelioma in
life—a practical approach. J Pathol 1984;143:147–175.

14. Whitaker D. The cytology of malignant mesothelioma. Cytopathology
2000;11:139–151.

15. Guffanti MC, Faleri ML. Benign-appearing mesothelioma cells in a serous
effusion. Acta Cytol 1985;29:90–92.

16. Spriggs AI, Grunze H. An unusual cytologic presentation of mesothelioma
in serous effusions. Acta Cytol 1983;27:288–292.

17. DiBonito L, Falconieri G, Colautti I, et al. Cytopathology of malignant
mesothelioma: a study of its patterns and histological bases. Diagn
Cytopathol 1993;9:25–31.

18. Leong AS-Y, Stevens MW, Mukherjee TM. Malignant mesothelioma: cyto-
logic diagnosis with histologic, immunohistochemical, and ultrastructural
correlation. Semin Diagn Pathol 1992;9:141–150.

19. Whitaker D, Shilkin KB, Sterrett GF. Cytological appearances of malignant
mesothelioma. In: Henderson DW, Shilkin KB, Langlois SLP, et al, eds.
Malignant Mesothelioma. New York: Hemisphere, 1991:167–182.

20. Berge T, Gröntoft O. Cytologic diagnosis of malignant pleural mesothe-
lioma. Acta Cytol 1965;9:207–212.

21. Kho-Duffin J, Tao L-C, Cramer H, et al. Cytologic diagnosis of malignant
mesothelioma, with particular emphasis on the epithelial noncohesive cell
type. Diagn Cytopathol 1999;20:57–62.

22. Takagi F. Studies on tumor cells in serous effusion. Am J Clin Pathol 1954;
24:663–675.

23. Stevens MW, Leong AS-Y, Fazzalari NL, et al. Cytopathology of malignant
mesothelioma: a stepwise logistic regression analysis. Diagn Cytopathol
1992;8:333–341.

24. Yu GH, Baloch ZW, Gupta PK. Cytomorphology of metastatic mesothe-
lioma in fine-needle aspiration specimens. Diagn Cytopathol 1999;20:328–
332.

25. Kwee W-S, Veldhuizen RW, Alons CA, et al. Quantitative and qualitative
differences between benign and malignant mesothelial cells in pleural
fluid. Acta Cytol 1982;26:401–406.

26. Adams VI, Unni KK. Diffuse malignant mesothelioma of pleura: diagnos-
tic criteria based on an autopsy study. Am J Clin Pathol 1984;82:15–23.

27. Boon ME, Veldhuizen RW, Ruinaard C, et al. Qualitative distinctive dif-
ferences between the vacuoles of mesothelioma cells and of cells from
metastatic carcinoma exfoliated in pleural fluid. Acta Cytol 1984;28:443–
449.

28. Baddoura FK, Varma VA. Cytologic findings in multicystic peritoneal
mesothelioma. Acta Cytol 1990;34:524–528.

29. Herrera GA, Wilkerson JA. Ultrastructural studies of malignant cells in
fluids. Diagn Cytopathol 1985;1:272–275.

30. Gupta PK, Frost JK. Cytologic changes associated with asbestos exposure.
Semin Oncol 1981;8:283–289.

488 Chapter 31 Cytology of Malignant Mesothelioma



31. Whitaker D. Hyaluronic acid in serous effusions smears. Acta Cytol 1986;
30:90–91.

32. Japko L, Horta AA, Schreiber K, et al. Malignant mesothelioma of the
tunica vaginalis testis: report of first case with preoperative diagnosis.
Cancer 1982;49:119–127.

33. U.S.–Canadian Mesothelioma Reference Panel. The separation of benign
and malignant mesothelial proliferations. Am J Surg Pathol 2000;24:1183–
1200.

34. Renshaw AA, Dean BR, Antman KH, et al. The role of cytologic evaluation
of pleural fluid in the diagnosis of malignant mesothelioma. Chest 1997;111:
106–109.

35. Kobayashi TK, Teraoka S, Tsujioka T, et al. Ciliated ovarian adenocarci-
noma cells in ascitic fluid cytology: report of a case with immunocyto-
chemical features. Diagn Cytopathol 1988;4:234–238.

36. Tao L-C. The cytopathology of mesothelioma. Acta Cytol 1979;23:209–213.
37. Boon ME, Posthuma HS, Ruiter DJ, et al. Secreting peritoneal mesothe-

lioma: report of a case with cytological, ultrastructural, morphometric and
histologic studies. Virchows Arch Pathol Anat 1981;392:33–44.

38. Whitaker D. The validity of a cytological diagnosis of mesothelioma. Aust
NZ J Med 1987;17(S2):519 (abstract).

39. Becker SN, Pepin DW, Rosenthal DL. Mesothelial papilloma: a case of mis-
taken identity in a pericardial effusion. Acta Cytol 1976;20:266–268.

40. Rosai J, Dehner LP. Nodular mesothelial hyperplasia in hernia sacs: a
benign reactive condition simulating a neoplastic process. Cancer 1975;35:
165–175.

41. Selvaggi SM, Migdal S. Cytologic features of atypical mesothelial cells in
peritoneal dialysis fluid. Diagn Cytopathol 1900;6:22–26.

42. Spriggs AI, Jerrome DW. Benign mesothelial proliferation with collagen
formation in pericardial fluid. Acta Cytol 1979;23:428–430.

R.M. DeMay 489



32
Immunohistochemistry
Betta Pier-Giacomo

The variegated histologic pattern peculiar to malignant mesothelioma
(MM) makes a morphology-based distinction from either pleural metas-
tases (notably carcinomas) or benign reactive mesothelial proliferations
difficult (1,2), especially when only pleural effusion fluid or small tissue
samples obtained through percutaneous needle biopsy or medical 
thoracoscopy are submitted for pathologic assessment. For this reason,
diagnostic techniques ancillary to conventional light microscopy, such
as histochemistry, electron microscopy, and immunohistochemistry
(IHC), have been recommended. The aim is to provide the pathologist
with a more objective and possibly conclusive support in order to 
identify (1) the mesothelial character and (2) the malignant biology of 
the pleural lesion in question, these being the prerequisites for the 
pathologic diagnosis of MM, which, if definite, leads to a discouraging
prognosis and may raise legal issues.

Over the past 20 years, IHC has certainly been the most extensively
investigated technique in the search for a reliable ancillary diagnostic
tool in the field of tumors of the serosal membranes, considering that
a recent Medline search under “mesothelioma and IHC” yielded 573
items for the period 1979 to 2002, that is, since Singh et al (3) first
reported the usefulness of an anti–mesothelial cell serum in confirm-
ing MM diagnosis. In spite of this intensive research effort, no single
immunostain that is entirely conclusive for either MM or serosal
metastatic tumor currently exists, and for most antibodies recorded in
the literature and made commercially available both the diagnostic
value of each one and their various combinations in immunohisto-
chemical panels are still under debate (4–6).

There are several causes for these conflicting results; they partly orig-
inate from the lack of uniformity of immunostaining procedures (i.e.,
fixation, processing and antigen retrieval), partly from the varying sen-
sitivity and specificity of the primary antibodies used, partly from the
heterogeneous forms of samples submitted to immunostaining (effu-
sion fluids, small biopsies, surgical resections, autopsy material), and
partly from the interpretation of immunostaining (cut-off positivity
value, reactivity patterns). It is worth adding to this list of drawbacks

490



the prevailingly low methodologic quality in study case recruitment,
since the preliminary verification of the diagnostic accuracy of MM in
agreement with the traditional reference standard (electron microscopy
or postmortem histology) is infrequent; on the other hand, the inclu-
sion of only morphologically paradigmatic and unequivocal cases
implies considerable uncertainty as to the real proportion of tumors
positive for a given antibody in the population. Finally, as far as sta-
tistical analysis is concerned, most of these immunohistochemical
studies are based on a rather small number of cases. It follows that the
95% confidence intervals (although these are not usually reported by
the authors) are wide and hinder the conclusion that the authors tend
toward—the superiority of one antibody over another. In fact, these
conclusions could be supported only by much wider studies or through
a meta-analysis of several studies.

However, I would like to emphasize the real, inherent difficulties in
defining a unique, firmly reproducible immunoprofile for a tumor, such
as MM, whose hallmark is phenotypic versatility (1,2), even within a
single case, as shown not only at the level of the three-tiered histologic
grade of the classic epithelial and sarcomatoid patterns, but also by the
additional components (myoblastic, chondroblastic, osteoblastic, angio-
blastic) peculiar to embryonic mesoderm differentiation (7). Hence, 
a variegated pattern of antigen expression may result, as demonstrated
by the differing rates of positive reactivity for the antimesothelial 
antibodies calretinin, thrombomodulin, cytokeratin 5/6, and CD44H,
with reference to the different epithelial MM histologic patterns, 
i.e., tubulopapillary, adenomatoid, solid, small cell, and pleomor-
phic (8). In addition, when assessing the specificity and sensitivity of
antimesothelial antibodies, it must be borne in mind that pooling 
pleural metastases from different primary sites in the non-MM group,
compared with MM, brings with it a variability in immunostaining
results related to the types of neoplasms included in the study [e.g., the
varying reactivity for cytokeratin 5/6 (9), usually absent in pulmonary
adenocarcinoma and frequently observed in nonpulmonary adenocar-
cinoma]. The pathologist should be aware that the choice of the proper
antibody or antibodies should be suggested not only by the diagnostic
dilemma to be resolved, but also by knowledge of tissue reactivity with
respect to the specific morphologic phenotype of the lesion under 
examination.

Therefore any new data pertaining to the IHC of MM requires pru-
dence and rigorous evaluation when it is considered for possible diag-
nostic application in daily practice. However, many pathologists are
unfamiliar with the histology of MM, due to the low overall incidence
of this tumor, at least until recently, and this has led to an overestima-
tion of the adjunct role of IHC to the point that a diagnosis of MM has
become almost entirely an immunodiagnosis instead of being based
mainly on the microscopic picture highlighted by a conventional good-
quality hematoxylin and eosin (H&E) stain.

It was not until the mid-1990s that the reproducibility of the
immunohistologic diagnosis of MM was evaluated by a panel of five
Italian pathologists expert in asbestos-related diseases, which included
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the author (10). A battery of commercial negative mesothelial markers
was used in the study. In addition, no attempt was made to standard-
ize a priori the criteria to be used in the interpretation of the immunos-
tained slides, and each pathologist was left free to perform as if he were
in his own daily diagnostic setting. It was found that “the information
additionally contributed by IHC did not seem to change the patholo-
gists’ diagnoses very much in comparison with those made by routine
H&E stain” (10). At that time the authors also remarked that “until
highly specific and sensitive probes for the positive identification of
MM become available, a careful scrutiny of routinely stained prepara-
tions still remains the most rewarding component of the diagnostic
pathway” (10). The primacy of morphology in the diagnostic approach
is still valid, since limitations of the specificity or sensitivity also affect
the recently marketed positive mesothelial markers, more prominent
for some (thrombomodulin and CD44H) and less marked for others
(calretinin, cytokeratin 5/6 and Wilms’ tumor gene product 1) (4–6).

The above general remarks concerning IHC and MM, as well as the
following immunostaining data, result from my professional experi-
ence as a pathologist working for most of my career in the province of
Alessandria, northwest Italy, where the 1988 to 1997 mortality rate from
malignant pleural neoplasms, standardized on the Italian population
in 1991, is the highest in the country (number of cases: 400; standard-
ized rate ¥ 100,000: 6.59) and mostly related to occupational or envi-
ronmental exposure to asbestos mainly due to the asbestos-cement
industry in Casale Monferrato. Because of this local MM “epidemic,”
306 cases of MM (>80% from thoracoscopy or percutaneous needle
biopsy) were personally diagnosed for the first time or reviewed for a
second opinion during the period of 1990 to 2002. All these cases with
their relevant histologic and immunohistochemical details have been
entered into a database, which has been used both to outline a short
history of the developments of the IHC of MM in the past decade and
to assess in brief the diagnostic value of at least some of the several dif-
ferent antibodies purported to contribute to an accurate identification
of MM.

As earlier stated, there are three main problem areas in the patho-
logic assessment of any effusion fluid or tissue specimen submitted
with a clinical suspicion of MM, and each area is characterized by a
specific microscopic pattern that requires the distinction between

epithelial MM and metastatic carcinoma, 
sarcomatoid MM and sarcoma (primary or metastatic) or sarcomatoid

carcinoma, and 
malignant and benign mesothelium.

As for the capacity of IHC to provide possible clues to a more accurate
diagnosis of MM, first it is necessary to underline that the contribution
of IHC cannot be generalized, but differs in relation to each diagnostic
setting, each with its own peculiar set of morphologic and immunophe-
notypic variables.
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Immunohistochemistry and Epithelial Malignant
Mesothelioma vs. Metastatic Carcinoma

Negative Markers

The main study interest has always focused on the role of IHC in the
distinction between epithelial MM and adenocarcinoma, this being the
most frequent and impelling diagnostic dilemma since the epithelial
type, either alone or in a composite epitheliomesenchymal pattern,
accounts for 75% to 90% of MMs. Until recently, immunohistologic
diagnosis was mainly a process of exclusion, since immunostaining for
confirmation of MM involved the use of antibodies to epithelial glyco-
proteins, which, when absent, allowed the pathologist to rule out
pleural metastatic carcinoma and, to a lesser extent, confirm epithelial
MM. Carcinoma markers of greatest value on both cytologic (usually
cell-block) and histologic specimens included carcinoembryonic anti-
gen (CEA) (Fig. 32.1), BerEP4 (Fig. 32.2), Leu M1 (Fig. 32.3), and B72.3,
and the use of these markers combined in a panel was recommended
to enhance diagnostic accuracy in the lack of absolute specificity and
sensitivity for each one, and the frequent absence of overlapping
expression of these glycoproteins.

Carcinoembryonic antigen has always been recognized as an irre-
placeable marker in any standard panel for MM because of its very
high specificity and sensitivity, again confirmed by three studies
(11–13) published in 2002, which reported a reactivity for MM ranging
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Figure 32.1. Complete negative immunostaining for carcinoembryonic antigen
(CEA) monoclonal antibody in an epithelial malignant mesothelioma (MM)
(solid type). ABC technique (100¥).
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Figure 32.2. No immunoreactivity for
BerEP4 in the same case as in Figure 32.1.
ABC technique (100¥).

Figure 32.3. Absence of labeling for CD15
(Leu M1) in the same case as in Figure 32.1.
ABC technique (100¥).



from 0% (11) to 2% (12) to 5.4% (13), although a staining of only weak
intensity was responsible for the last slightly worse result. In my prac-
tice, 274 (89.5%) of 306 MMs were immunostained for CEA. When only
the epithelial and biphasic types of MM (n = 248) were considered, i.e.,
the histologic categories for which the use of CEA is specifically
intended, the rate of CEA-positive (n = 1) and equivocal (n = 2) cases
was 1.2%. The three cases consisted of small tissue specimens and two
of them occurred when the polyclonal CEA with its inherent drawbacks
of cross-reactivity was still being used. Both the equivocal cases fea-
turing weak and focal cytoplasmic staining were of the epithelial type
with a mesothelial character on morphology, and the additional ade-
nocarcinomatous markers, namely BerEP4, Leu M1, and B72.3, were all
absent in the former, whereas in the latter, BerEP4 was clearly positive.
The CEA-positive epithelial MM case consisted of a tiny needle speci-
men with crush artifacts that was negative for all epithelial markers
and positive for the mesothelial marker calretinin (see below). Twenty
sequential “definitely-not-MM” cases (i.e., pleural metastatic carcino-
mas) were retrieved from my consultation file for comparison; a homo-
geneous, diffuse, cytoplasmic reaction was found in 14 (87.5%) out of
16 cases immunostained for CEA. From this review of personal find-
ings, CEA appears to be a highly reliable negative marker for MM
(overall negativity rate: 98.9%), and probably the best; in the very few
CEA-positive or equivocal cases the other exclusionary markers con-
currently assessed provided the necessary confidence for a diagnosis
of MM qualified as certain or highly probable.

The additional negative markers—BerEP4, Leu M1, and B72.3—have
shown a level of diagnostic accuracy lower than CEA, but still accept-
able, in my experience, in agreement with many other published series
[see Ordóñez (6) for a review], and by universal consent have always
been considered as useful reagents. The standard panel in my labora-
tory included BerEP4, Leu M1, and B72.3, together with CEA from 1992
to 1996; then B72.3 was replaced with calretinin, a second-generation
positive marker (see below).

Focal positive (i.e., membrane staining in >5% of tumor cells, not nec-
essarily restricted to the lateral surfaces of the cells) and equivocal (i.e.,
membrane staining in £5% of tumor cells) BerEP4 reactivity was
observed in 29 (14.1%) of 206 epithelial and biphasic MMs and was
always weak or moderate in intensity. Conversely, 12 (92.3%) of 13
pleural metastatic adenocarcinomas from the consultation file were
BerEP4 positive, usually with a diffuse and intense reactivity. These
percentages are in agreement with those reported by some of the latest
papers (11,14).

Leu M1 (CD15) monoclonal antibody was used in 184 (60.1%) of 306
MMs. Positive (i.e., focal, intense, and predominantly cytoplasmic in
>5% of tumor cells) labeling was shown by seven and equivocal (i.e.,
focal and prevailingly weak in £1% of tumor cells) by 12 of 171 epithe-
lial and biphasic MMs for an overall 11.1% rate. On the other hand, 14
(87.5%) of 16 pleural metastatic carcinomas were Leu M1 positive.
These results show the percentage values of Leu M1 reactivity for 
both MMs and adenocarcinomas to be a little higher than those most
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recently published, even if recorded from smaller case series [positiv-
ity in MM: 0% (0/41) according to Abutaily et al (12) and 6.3% (7/112)
according to Roberts et al (15)]. No MM in my series stained positively
with both BerEP4 and Leu M1 except for one epithelial “probable” MM,
which, however, was both CEA- and B72.3-negative and positive for
AMAD-2 (see below).

B72.3 monoclonal antibody, during the period in which I used it,
proved a valuable negative marker since only one epithelial MM was
positive and six MM (five epithelial and one biphasic) exhibited an
equivocal reactivity, the remaining 80 cases (92%) being definitely 
negative. The use of this antibody was discontinued simply for
cost/benefit reasons when the inclusion of at least one new positive
mesothelial marker in the diagnostic panel required a reduction in the
number of negative markers applied up to that time.

Newer antibodies proposed for the exclusion of MM include E-
cadherin, MOC-31, and thyroid transcription factor (TTF)-1. E-cadherin
is still under evaluation in my laboratory, where, however, its diag-
nostic effectiveness seems to be less promising with respect to the initial
claims (16) (see below). Following an early positive test on cytologic
preparations in the late 1980s, MOC-31 was rediscovered in the mid-
1990s and has lately received favorable assessments on the part of
several groups (13,14,17), according to whom it outperforms BerEP4
and Leu M1 on histologic material to the point that it is now recom-
mended among the first-line exclusionary markers (6). TTF-1 has been
demonstrated to be selectively expressed by pulmonary carcinomas,
irrespective of their histologic subtypes, whereas MM and nonpul-
monary carcinomas are consistently negative (12,18). Therefore, TTF-1
could be reserved to the specific setting of the distinction between
epithelial MM and lung adenocarcinoma, but this possible role requires
further investigation before including the antibody in a standard 
panel.

Positive Markers

The search for positive markers for MM has been the focus of an intense
and long-lasting research activity. It has always been recognized that it
would be better if the diagnosis of MM were made on positive identi-
fication of this tumor by means of consistently specific antimesothelial
antibodies rather than by exclusion after the accumulation of negative
immunostaining results, as was done until the mid-1990s.

Even if a certain number of both polyclonal and monoclonal anti-
bodies have been generated using normal or neoplastic mesothelial
cells or mesothelial cytoplasmic proteins as immunogens [see Donna
et al (19) for a review], only two antibodies have been marketed in
recent years, namely, AMAD-2 and HBME-1. On the other hand,
several novel antibodies exhibiting only partial specificity for MM, as
not raised specifically against mesothelial or MM cells, have been 
marketed in the past decade. These antibodies react with calretinin,
cytokeratin (CK) 5/6, Wilms’ tumor gene (WT1), thrombomodulin, N-
cadherin, and the receptor for hyaluronic acid (CD44S), and have in
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common the capacity to label MM cells on formalin-fixed and paraffin-
embedded material. All these antibodies can be regarded as belonging
to the group of the second-generation or positive markers for MM.

I contributed personally to the development of AMAD-2 polyclonal
antibody (19), which was raised against a recombinant protein specific
to the cytoplasm of human MM cells and provided with growth-
factor–like activity within the frame of an autocrine loop controlling
mesothelial cell proliferation (20). AMAD-2 was able to label all MM
histologic types and demonstrated a 100% specificity and 92% sensi-
tivity. AMAD-2 was marketed for a short time but did not become
popular in surgical pathology practice because of a severe lack of inter-
laboratory reproducibility due to technical difficulties. In fact, its effec-
tiveness on routinely processed material required the use of paraffin
wax with a melting point of £52°C, in order to preserve the structural
integrity of the specific antigen to be detected for diagnostic purposes.
However, most laboratories make use of paraffin wax with a higher
melting point, which damages the antigen, thus interfering with its spe-
cific binding to AMAD-2 and causing high background staining and
subsequent false-positive results.

HBME-1 is a monoclonal antibody generated against a suspension
of cells from a well-differentiated epithelial MM. Seventy-one (95.9%)
of 74 epithelial and biphasic MMs and six (14.3%) of 42 pleural carci-
nomatous metastases reacted with the antibody in a personal com-
parative study with AMAD-2 (19). A lower specificity was reported 
by Miettinen and Kovatich (21), who, however, emphasized the thick
membrane staining pattern in MM (Fig. 32.4) as a possible clue in its
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Figure 32.4. Positive membrane staining for HBME in the same case as in
Figure 32.1 at higher magnification. ABC technique (400¥).



distinction from adenocarcinoma, in which, conversely, a prevailingly
cytoplasmic reactivity with a possible concurrent thin surface staining
is observed. In my experience, the use of HBME-1 has often given rise
to equivocal results related to these overlapping reactivity patterns.
The low specificity reported by other investigators in the past has been
confirmed with rates ranging from 27% (17) to 56% (15), even though
these findings seem to be disproved by the 91.3% specificity for MM
reported by Gonzales-Lois et al (14).

I have acquired quite extensive experience with calretinin, having
used it as a positive mesothelial marker in the standard diagnostic
panel for several years, and the results gathered up to now confirm
reports from other investigators that the antibody against recombinant
human calretinin manufactured by Zymed Laboratories is highly reli-
able [see Ordóñez (6) for a review]. Lower sensitivity rates have been
obtained by laboratories where the anticalretinin antibody manufac-
tured by Chemicon was employed. In my practice, 177 sequential MMs
were immunostained for calretinin; 117 were epithelial, 49 biphasic,
and 11 sarcomatoid. The staining was usually diffuse and strong and
the pattern was nuclear (Figs. 32.5 and 32.6) and, to a lesser extent, cyto-
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Figure 32.5. Calretinin expression is more intense and diffuse at the surface
than in the deep portion of the same MM as in Figure 32.1. ABC technique
(100¥).



plasmic; however, only the nuclear reactivity was recorded for diag-
nostic purposes. The overall rate of calretinin-positive cases was 87%
(154/177), which rose to 90.4% (150/166) for the epithelial plus 
biphasic types and decreased to 36.4% (4/11) for the sarcomatoid type,
in which, additionally, the number of labeled neoplastic cells per case
was always <30%. Only eight MMs (three epithelial, one biphasic, and
four sarcomatoid) were negative, whereas 15 cases showed equivocal
staining (i.e., weak, focal, or prevailing cytoplasmic). The concurrent
high specificity of the antibody was supported by the analysis of 16
pleural metastatic carcinoma, in which calretinin was negative in all
cases. These findings are in agreement with those recently published
[sensitivity for MM: 80% (12) to 97% (11); specificity for MM: 90% (11)
to 94% (12)], and all of them confirm the early results from Doglioni et
al (22) (sensitivity: 100%; specificity: 90%). The only noticeable limit to
the diagnostic value of calretinin is during differential diagnosis
between MM and pleural synovial sarcoma (23) (primary or metasta-
tic), and between MM and the rare primary thymic epithelial tumors
of the pleura (24), since the potentially shared calretinin patterns in
these three entities require the use of other diagnostic markers. Finally,
when calretinin was applied in the setting of the diagnostic cytopathol-
ogy of serous effusion, estimates of diagnostic accuracy were still 
positive, with the only disappointing report on effectiveness of the 
antibody being hampered by the small number of investigated cases 
(n = 7) (25).

Cytokeratin 5/6 and WT1 are two positive markers of mesothelial
differentiation, which warrant a brief comment, considering the
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Figure 32.6. Calretinin immunopositivity is seen in the nuclei of MM cell of
the same case as in Figure 32.1. ABC technique (200¥).



promising results they have shown in the studies published so far [see
Ordóñez (6) for a review]. These results cannot be evaluated in the light
of my own experience, which is still not sufficiently extensive to be
used as a reference.

Cytokeratin 5 is expressed by normal and neoplastic mesothelial cells
and its possible role as a useful positive mesothelial marker was
already highlighted in the late 1980s, when a monoclonal antibody,
AE14, selectively specific for CK 5 and effective on frozen material, was
developed (26). The subsequent availability of antibodies working on
routine material allowed several laboratories to evaluate the diagnos-
tic accuracy of this marker on larger series. The latest results confirm
CK 5/6 as a useful aid to distinguish epithelial and biphasic MM from
pulmonary adenocarcinoma, but warn the pathologist not to trust this
probe for the differential diagnosis between MM and either serosal
metastatic carcinomas of nonpulmonary origin (9) or the rare primary
thymic epithelial tumors of the pleura (24), both of which may express
CK 5.

WT1, originally identified as a tumor suppressor gene, is overex-
pressed in a variety of malignancies, including MM. Nuclear WT1
expression has been assessed as a diagnostic tool on both histologic and
cytologic material, and the results from the latest studies concur about
its diagnostic usefulness in the appropriate clinical setting. However,
WT1 seems less sensitive for MM (70–75%) with respect to calretinin
(23,27,28), since reactivity occurs also in serous ovarian carcinomas
(29), and its use is not recommended on autopsy material (17).

Thrombomodulin is a transmembrane glycoprotein involved in the
regulation of anticoagulant activity. It has been reported to be neither
as sensitive nor as specific as the three above-mentioned positive
mesothelial markers [see Ordóñez (6) for a review]. It has attained a
83% sensitivity only in the small cell variant of MM (8). In addition, its
expression is focal in distribution and occurs also in blood and lym-
phatic vessels, thus causing difficulties in interpreting immunostaining
results.

CD44H has generated conflicting results in terms of diagnostic accu-
racy and it is now recognized as having no practical value in the diag-
nosis of MM [see Ordóñez (6) for a review].

Cadherins

Cadherins are transmembrane glycoproteins that mediate extracellular
calcium-dependent cell–cell adhesion that is important in embryonic
development and maintenance of normal tissue differentiation. The
cadherin family consists of more than 30 members widespread in
normal tissues, although the individual classic members, such as E
(epithelial), N (neural), and P (placental) cadherins, display remarkable
tissue expression selectivity, which can allow the differentiation of mor-
phologically similar but histogenetically distinct tumors. In particular
N-cadherin is expressed by the pleural mesothelial cells and E-cadherin
by the epithelial cells of the lung. Diagnostic immunohistochemistry
has relied on this finding reminiscent of the specific N-cadherin expres-
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sion in the embryonic mesoderm and consistent with the evidence from
embryology that the mesothelium is made of a coelomic epithelium
developed from the mesoderm (7). However, the use of antibodies to
N- and E-cadherins for the histopathologic diagnosis of MM has pro-
vided conflicting results up to now [see Ordóñez (6) for a review]. The
potential diagnostic relevance of the cadherin immunoprofile in MM
has been extensively investigated in my laboratory, where immuno-
staining and biochemical techniques, both at the cell line and tissue
levels in a series of pleural MMs and newborn hernial sacs, were done.
N-cadherin was found in eight of nine MM cell lines (Figs. 32.7D and
32.8) as well as in five normal mesothelial cell lines (Figs. 32.7B and
32.8). E-cadherin was detected in six (66.7%) of nine MM cell lines (Figs.
32.7C and 32.8), whereas none of the five normal mesothelial cell lines
stained for E-cadherin (Figs. 32.7A and 32.8). Expression of E- and N-
cadherin was also investigated in the corresponding MM or mesothe-
lial tissue specimens in order to prove that expression of E-cadherin
was not induced by the in vitro culture environment. The pattern and
the intensity of expression of E- and N-cadherins in the tissue speci-
mens closely mirrored those observed in MM cell lines. This study
appears to confirm that the expression of cadherins in MM is more het-
erogeneous and less mutually exclusive with respect to the normal or
reactive mesothelium. These results are at variance with those recently
reported by Müller et al (30) and Abutaily et al (12). In fact, the former
authors observed that nearly all adenocarcinomas (17/18) stained pos-
itively for E-cadherin, while there was only a weak staining reaction in
six (13.6%) of 44 MMs; the latter authors reported a 22% sensitivity of
E-cadherin for epithelial MM that, combined with a 100% sensitivity
for adenocarcinomas, led them to consider this antibody as a first-line
reagent with TTF-1 in the immunohistochemical approach to pleural
biopsy. In my opinion, the diagnostic value of E-cadherin is question-
able in distinguishing between epithelial MM and adenocarcinoma,
whereas it is worth investigating the possible role of E-cadherin expres-
sion in distinguishing malignant from benign mesothelium.

Immunohistochemistry and Sarcomatoid Mesothelioma
vs. Spindle Cell Malignancies

The main neoplastic entities in the setting of the differential diagnosis
of sarcomatoid MM include sarcoma (primary or secondary) and
metastatic spindle cell (sarcomatoid) carcinoma (1). It is said that con-
ventional sarcomatous MMs are not a diagnostic problem, provided the
densely packed spindle cells are mesothelial (2). The overall contribu-
tion of IHC to this discrimination process is again valuable, but to a
lesser extent, and it relies predominantly on the use of antikeratin anti-
bodies, as spindle-type mesothelial cells are keratin-positive. The sar-
comatoid type reached a total of 34 cases (11.1%) in my series of MMs,
18 qualified as definite and 16 highly probable, respectively. Immuno-
histology data showed positivity for either cytokeratins 8 and 18 (Cam
5.2) or broad-spectrum cytokeratins (AE1/AE3) in 29 of 30 cases
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(96.7%), and calretinin-positivity in four of 11 cases (36.4%), including
all the cytokeratin-positive ones. These findings are in agreement with
all previous reports, some already published in the late 1980s, accord-
ing to which the consistent cytokeratin immunostaining appears to be
a sensitive and useful method to discriminate sarcomatoid MM from
both sarcomas of different histogenetic types and solitary fibrous
tumors of the pleura, the latter being characterized by positive stain-
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Figure 32.7. In vitro cultured human mesothelial cells appear negative for E-
cadherin (A) but are reacting with anti–N-cadherin antibody (B) in a prevail-
ingly cytoplasmic pattern. An MM cell line shows membrane reactivity for both
E-cadherin (C) and N-cadherin (D). ABC technique (480¥).
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ing for CD-34, an hematopoietic progenitor cell antigen, and bcl-2. The
occasional expression of muscle markers (31,32) (desmin, smooth
muscle actin, and muscle-specific actin) or neural markers (33) (S-100
protein and neuron-specific enolase), in addition to cytokeratins, may
occur in sarcomatoid MM—a not surprising finding in light of the
above-mentioned differentiative capacity of MM, which is in keeping
with the mesodermal nature of the mesothelium (7). Therefore, only
the nonexpression of cytokeratin associated with the presence of mes-
enchymal tissue markers should lead the pathologist not to favor the
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diagnosis of sarcomatoid MM when dealing with a pleura-based
spindle-cell sarcoma. However, it is worth reminding the reader that
both cytokeratin-positive sarcomas and cytokeratin-negative sarcoma-
toid MMs, especially the desmoplastic variant, are not infrequent, and
in the latter instance, I make the diagnosis of probable MM, provided
that the full set of universally recognized criteria (2) is fulfilled.

Obviously positive results for cytokeratins do not help to distinguish
sarcomatoid MM from metastatic spindle-cell carcinoma. In this setting
of differential diagnosis, the possible contribution of novel antime-
sothelial markers (calretinin, CK 5/6, and thrombomodulin) has been
exploited by Attanoos et al (34), and in spite of the low sensitivity of
each of them for sarcomatoid MM, when they were concurrently used
in a panel, 63% of the sarcomatoid MMs were stained by at least one
antibody, and conversely no spindle-cell carcinoma was labeled. From
these results, the use of this panel in addition to broad-spectrum ker-
atins seems to be worthy of investigation in the problem of spindle-cell
neoplasms affecting the serosal membranes.

Immunohistochemistry and Benign 
vs. Malignant Mesothelium

Finally, IHC is currently of no value in distinguishing between malig-
nant and reactive mesothelium, since both epithelial and spindle
mesothelial cells are keratin- and calretinin-positive, irrespective of
their biologic nature. No antigen exclusively expressed by either
benign or malignant mesothelium has been validated for possible diag-
nostic use so far. A recent preliminary study appears to indicate a pos-
sible role for telomerase reverse transcriptase (TERT), which has been
detected immunohistochemically in all but one of 68 MMs, but only in
one of 19 benign mesothelial lesions using routinely processed histo-
logic material (35); however, larger studies are needed. Immunostain-
ing for epithelial membrane antigen (EMA) and p53 protein were
proposed in the past as a possible adjunct in this setting of differential
diagnosis, but in my own experience, these two markers were never
helpful and were abandoned following their careful evaluation on both
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Figure 32.8. Western blot analysis of N- and E-cadherin expression in nine MM
cell lines compared with a human mesothelial cell line (HMC).



cytologic and histologic material. This differential diagnosis is typically
an H&E diagnosis to which keratin immunostaining can contribute
only in order to assess the possible invasion of submesothelial and adja-
cent tissues by the tumor mesothelial cells, an important diagnostic cri-
terion (2) especially when MM is paucicellular and provided with
bland cytologic features.
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33
Malignant Mesothelioma 
Electron Microscopy
Raoul Fresco

In spite of recent advances in immunocytochemistry, electron micro-
scopy continues to be the “gold standard” for the differential diagno-
sis of mesothelioma from other tumors affecting serosal surfaces (1).
Three major morphologic subtypes of mesothelioma are well estab-
lished: epithelial, sarcomatoid, and mixed or biphasic. Of these three
types, electron microscopy has been the most contributory in the diag-
nosis of the epithelial variant and is less helpful in the sarcomatoid
mesotheliomas (2,3).

Epithelial Mesothelioma

This subtype, which is the most common, is also the one most difficult
to differentiate at the light microscopic level from peripheral lung or
metastatic adenocarcinoma. At the ultrastructural level, the most 
characteristic feature of the neoplastic epithelial cells in the epithelial
and mixed types of mesotheliomas is the distinctive morphology of 
its microvilli (4,5).

Microvilli

Unlike adenocarcinomas (6,7), which usually have relatively scarce
short blunt microvilli (Fig. 33.1), mesotheliomas are characterized 
by the presence of abundant long, slender, undulating, and often 
bifurcating microvilli. These lack filamentous cores, core rootlets, and
surface glycocalyx (fuzz); they measure approximately 0.1mm in 
diameter and up to 3mm in length (Fig. 33.2). Some investigators (8–
10) combined the quantitative and qualitative features of tumor cell
microvilli and developed a length to diameter ratio (MLDR) as a useful
measurement to help distinguish mesotheliomas from adenocarci-
noma. Thus, MLDR values over 15 are highly suggestive of mesothe-
lioma, while most adenocarcinomas have MLDR values of under 10.
However, some overlapping exists, and other ultrastructural criteria
are used to confirm the diagnosis. Profuse microvilli frequently cover
the entire tumor surface, best seen in cells aggregated in a papillary
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Figure 33.1. Lung adeno-
carcinoma. Relatively
scarce, short, blunt
microvilli covered by
fuzzy glycocalyx.
Zymogen-like electron
dense secretory granules
are present, but no
intermediate filaments are
seen.

Figure 33.2. Epithelial
mesothelioma. Abundant,
long, slender at times,
bifurcating microvilli.
Cytoplasm shows bundles
of intermediate filaments.



pattern (Fig. 33.3). When the tumor cells form a tubular pattern, the
microvilli line the luminal surfaces (Fig. 33.4). At times, these microvilli
are seen to contact collagen fibrils without the interposition of 
basement membranes, a phenomenon first described by Dewar et al (7)
and termed microvillus-collagen association by Ghadially et al (11,12)
(Figs. 33.5 and 33.6). This interaction was once believed to be a 
diagnostic feature of mesotheliomas, and though it is most often seen
in these tumors, it has also been reported to occur in adenocarcinomas
(11).

Intermediate Filaments

Tonofilaments are present in the cytoplasm of a majority of mesothe-
liomas (Fig. 33.2). These are often aggregated in fibrillary bundles
arising in relation to desmosomes or in the perinuclear zone, whereas
they are rarely seen in adenocarcinomas of the lung (9,10,13).

Cellular Junctions

While desmosomes occur in both mesotheliomas and adenocarcinomas,
long (more than 1mm), so-called giant desmosomes, when present,
favor a diagnosis of mesothelioma (Fig. 33.7) (14,15).
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Figure 33.3. Epithelial mesothelioma, papillary pattern. Profuse microvilli 
covering most of the cellular surfaces. One or more prominent nucleoli are
present in the nuclei.



Figure 33.4. Epithelial
mesothelioma, tubular
pattern. Numerous
microvilli line the luminal
surfaces. The abluminal
surfaces show a basal
lamina, beyond which are
bundles of collagen fibers.

Figure 33.5. Epithelial
mesothelioma, tubular
pattern. Collagen fibers
are seen in direct contact
with the microvilli lining
the lumen.
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Figure 33.6. Epithelial
mesothelioma.
Microvillus-collagen
association.

Figure 33.7. Epithelial
mesothelioma. Giant
desmosome.



Sarcomatoid Mesothelioma

While the epithelial type of mesothelioma can be confused with ade-
nocarcinoma when examined with the light microscope, the sarcoma-
toid variant is likely to be confused with fibrosarcoma, even at the
ultrastructural level. The mesenchymal-looking cells forming these
tumors resemble fibroblasts; they have elongated nuclei with clumped
chromatin and their cytoplasm contains numerous cisternae of rough
endoplasmic reticulum (Fig. 33.8). No basal laminae, desmosomes, or
microvilli can be recognized, but rudimentary intercellular junctions
are often seen (16). Some of the cells may show myofibroblastic 
differentiation, with peripheral bundles of filaments bearing focal 
densities (17).

Mixed (Biphasic-Transitional) Mesothelioma

As their names imply, these tumors have features that are found in both
epithelial and sarcomatoid subtypes. The two components may be
closely intermixed or may occur in different parts of the same tumor,
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Figure 33.8. Sarcomatoid mesothelioma. Spindle-shaped tumor cells with
elongated nuclei and abundant cisternae of rough surfaced endoplasmic 
reticulum.



features that may present diagnostic difficulties, even at the ultra-
structural level, in view of the small size of samples usually studied 
by electron microscopy. This morphologic diversity demonstrates the
multidirectional differentiation capability of mesothelial cells (18,19).

Technical Considerations

In the previous paragraph we alluded to what is a well-known problem
confronting diagnostic ultrastructural pathologists, namely the inher-
ent sampling error due to the small area available for examination
under the electron beam. Often, the need for electron microscopy 
is realized only after all the biopsy material has been embedded in
paraffin for light microscopy with no portion kept for ultrastructural
studies. In such a case, a selected area of the paraffin block can be
scooped out, deparaffinized in xylene, and transferred to absolute and
then descending grades of alcohol and finally water, at which point 
it can be reprocessed for electron microscopy (20). The resulting 
ultrastructural preservation is in great part dependent on the quality
of the primary formalin fixation. Our use of this methodology over 
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Figure 33.9. Mesothelioma. Formalin fixed, deparaffinized biopsy. Microvillus
morphology and prominent desmosomes show excellent preservation, allowing
correct diagnosis.



the past few years has exceeded our expectations, and while we do not 
recommend it routinely as a substitute for conventional electron 
microscopic techniques, it certainly should be considered when opti-
mally processed tissue is not available and diagnostic problems arise
at the light microscopic level (Fig. 33.9).

Viral Pathogenesis

In view of the increasing evidence that at least some cases of mesothe-
liomas are associated with simian virus 40 (SV40) infection (21), it is
interesting to note that some authors have detected tubuloreticular
structures in two cases of pleural mesotheliomas (22). These intra-
cytoplasmic structures, first believed to be viral in nature (23), can be 
traced to be continuous with the endoplasmic reticulum, suggesting a
host–cell response (24). They have been shown to be induced by 
a-interferon, and besides autoimmune diseases, where they were 
first reported, they are present in many viral infections (25,26).
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34
Rare Variants of Mesothelioma

Markku Miettinen

This chapter describes the essential clinicopathologic features of rare
variants of mesothelioma. These variants include benign or potentially
malignant multicystic peritoneal and well-differentiated papillary
mesothelioma, and fully malignant, deciduoid, desmoplastic, lympho-
histiocytoid, and small cell variants of diffuse malignant mesothelioma.
The former term fibrous mesothelioma refers to a mesenchymal, non-
mesothelial neoplasm now designated as solitary fibrous tumor or
localized fibrous tumor; it is beyond the scope of this chapter.

Multicystic (Benign) Peritoneal Mesothelioma (Benign
Cystic Mesothelioma, Multilocular Peritoneal 
Inclusion Cyst)

This clinicopathologically distinctive, rare, mesothelial proliferation
was named multicystic peritoneal mesothelioma by Mennenmeyer and
Smith (1). Fewer than 100 cases have been reported in the English-
language literature, including four series (2–5). Although usually
benign, occasional reports on malignant or progressive behavior may
warrant exclusion of the word benign from the designation of this
tumor. Reported examples of this entity may represent a mixture of
benign, possibly nonneoplastic mesothelial proliferations and true neo-
plasms, although a relatively common tendency to recur may suggest
neoplastic nature. The above synonyms reflect the differences in under-
standing of this process.

Clinical Features

Multicystic peritoneal mesothelioma typically occurs in young and
middle-aged women in the peritoneal cavity, most often in the pelvis.
Less than 20% of the cases have occurred in men, in whom the tumors
have often occurred around the right hemicolon. The median age for
the largest series was 38 years for women and 47 years for men, and a
small number of these tumors occurred in children (5).
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Clinically, the patients with peritoneal lesions present with long-
standing abdominal pain, increase of abdominal girth, and, rarely, with
an acute abdomen. Some examples have been diagnosed incidentally.
Occurrence together with endometriosis has been reported (6), and one
tumor was associated with both endometriosis and disseminated peri-
toneal leiomyomatosis (7). One tumor was diagnosed in a patient with
ruptured appendiceal mucinous cystadenoma and pseudomyxoma
peritonei (8).

The prognosis is generally good, but local recurrences occur com-
monly, in some cases repeatedly. Some cases have been managed by
repeated aspirations instead of surgery (9,10). The two fatalities
reported in the largest series in 1988 were one infant whose tumor also
contained areas of malignant epithelial mesothelioma, and a man
whose tumor was left unoperated (5).

Similar lesions in the pleural cavity were reported in a 37-year-old
woman with a history of smoking and early asbestosis exposure. The
four apparently separate lesions involved both parietal and visceral
pleura, and a brief follow-up of 8 months was uneventful (11).

Pathology

Grossly, the lesions form multiple, confluent cysts or a solitary multi-
cystic mass (Fig. 34.1). The lesion usually involves the pelvis, where it
can form a dominant mass or multiple separate cystic lesions on the
external surface or pelvic organs. The omentum can also be involved.
The cysts vary from a few millimeters to several centimeters in diam-
eter and typically contain clear fluid.
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Figure 34.1. Grossly, this example of multicystic peritoneal mesothelioma
forms a mass composed of multiple cystic spaces.



Histologically, the cysts are lined by cuboidal mesothelial cells and
contain proteinaceous fluid (Fig. 34.2). The intervening stroma contains
reactive myofibroblasts and may contain focal chronic inflammatory
infiltration. The mesothelial cyst lining may have proliferative features
with slight papillary or microcystic (Fig. 34.3) or sometimes adenoma-
toid tumor-like pattern. Immunohistochemically the cyst-lining epithe-
lial components are positive for keratins and calretinin.

Multicystic mesothelioma has to be distinguished from cystic lymph-
angioma, which can also for a solid multicystic peritoneal mass.
However, in the lymphangioma the lining cells are attenuated endothe-
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Figure 34.2. Histologically, multicystic peritoneal mesothelioma contains thin-
and thick-walled cysts containing proteinaceous fluid.

Figure 34.3. The cyst lining in multicystic peritoneal mesothelioma is mainly
cuboidal mesothelial cells, but proliferative foci can be present.



lial cells positive for endothelial markers such as CD31 and CD34 and
negative for mesothelial markers. However, in my experience lymph-
angioma lining cells can be positive for keratins 7 and 18.

Well-Differentiated Papillary Mesothelioma 
of Peritoneum

This rare tumor typically forms multiple papillary lesions on peritoneal
surfaces covered with minimally atypical mesothelial cells.

Clinical Features

Two series have reported these tumors, one as a “benign papillary
mesothelioma” (12), and another as a “well-differentiated papillary
mesothelioma” (13). These tumors usually occur in young and middle-
aged women as clusters of multiple peritoneal papillary projections or
rarely as a single lesion. Only rarely has there been a history of asbesto-
sis exposure. Most lesions are small (<2cm), and have been incidental
findings during surgery of other conditions or rarely manifested by a
symptomatic tumor torsion and occasionally with ascites. Although the
prognosis is generally good, disease progression to fully malignant
mesothelioma has been observed in some cases (14). Therefore, there
may be a continuum between this tumor and a well-differentiated pap-
illary diffuse malignant mesothelioma.

Pathology

Grossly, the lesions appear as peritoneal nodules that often show 
papillary projections and may contain calcifications. Rarely, there is a
diffuse, mat-like pattern.

Histologically, typical cases show well-differentiated papillary pro-
jections lined by a single layer of cuboidal mesothelial cells with limited
atypia and a pauciellular, often edematous fibrous core (Fig. 34.4).
Lesions with more complex patterns may approach the features of well-
differentiated malignant mesothelioma, and in some cases this distinc-
tion can be arbitrary. Large lesion size and the presence of solid areas
with increased atypia and mitotic activity should lead to the diagnosis
of malignant mesothelioma.

Deciduoid Mesothelioma

Deciduoid mesothelioma is a designation for a rare variant of malig-
nant epithelial mesothelioma with deciduas-like epithelial cells with
abundant cytoplasm. It seems to account for 2% to 5% of malignant
mesotheliomas.

Clinical Features

This mesothelioma variant was originally reported by Talerman et al
(15) in the peritoneum of a 13-year-old and named deciduoid mesothe-
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lioma. Nascimento et al (16) reported it in two young females without
an asbestosis history. Orosz et al (17) reported another case in a peri-
toneal cavity of a young woman. Subsequent reports have shown 
a wider clinicopathologic spectrum including occurrence in older 
subjects (median age 53 years), in the pleura, and in connection 
with asbestosis (18–21). However, based on these reports, deciduoid
mesothelioma has a predilection for females and for the abdominal
cavity (>50% of cases). The age range is wide and includes children and
young adults more often than the series of conventional mesothe-
liomas. Prognosis does not significantly differ from conventional
mesotheliomas, and most patients with follow-up data have died of
disease within 3 years, with the median survival being 7 months (21).

Pathology

Histologically, the deciduoid mesothelioma is composed of diffuse
sheets of large, epithelioid cells with abundant pale to brightly
eosinophilic cytoplasm, giving the tumor cells a decidua-like appear-
ance (Fig. 34.5). Ultrastructural features are similar to conventional
diffuse malignant mesothelioma, with slender and tall cell surface
microvilli. Immunohistochemically the tumor cells in this variant are
positive for the simple epithelial keratins 7, 8, 18, and 19, and for
keratin 5, HBME-1 and calretinin.

Desmoplastic Malignant Mesothelioma

Desmoplastic mesothelioma is defined as diffuse malignant mesothe-
lioma having an acellular/paucicellular connective tissue component
comprising more than 50% of the tumor volume and containing malig-
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Figure 34.4. Well-differentiated papillary mesothelioma is composed of 
multiple papillary projections lined by a simple layer of mildly proliferative
mesothelia.



nant sarcomatous or epithelial components or both. Therefore, it may
also be considered a variant of sarcomatous, epithelial, and biphasic
mesothelioma.

Clinical Features

This relatively rare variant of diffuse malignant mesothelioma typically
occurs in pleura, almost always in patients with significant asbestosis
exposure. It comprises 5% to 10% of all pleural mesotheliomas and
principally occurs in older adults with a marked male predominance.
This tumor is practically uniformly fatal and the mean survival is 
only 6 to 12 months. Distant metastases in liver and kidneys are more
common in this tumor than in conventional malignant epithelial
mesothelioma (22,23).

Pathology

Grossly, desmoplastic mesothelioma typically forms a fibrous encasing
around the lung with the principally involved side, and it can also
involve pericardium and be bilateral in a minority of cases.

Histologically, this mesothelioma is characterized by a dominance of
fibrous stroma, and areas of the tumor may resemble a benign fibros-
ing inflammatory process or pleural plaque when densely fibrous and
nearly acellular. However, other areas contain atypical spindled cells
with a sarcomatoid pattern, often arranged in a slightly storiform
manner (Fig. 34.6) with the high magnification demonstrating clear
atypia (Fig. 34.7). Malignant epithelial components are present in a
minority of cases.

The differential diagnosis from a benign, fibrosing process requires
demonstration of stromal invasion, an overt sarcomatous component,
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Figure 34.5. Deciduoid mesothelioma is composed of large cells with variably
eosinophilic cytoplasm; the cellular cohesion varies.



an atypical component, or clinically invasive or metastatic behavior.
The presence of tumor cell necrosis or collagen necrosis is supportive
of malignancy, although it is not specific (24,25). Obviously, the diag-
nostic difficulties are magnified when only a small biopsy is available,
and such material can be nondiagnostic in this entity.

Immunohistochemical demonstration of strong keratin expression
(including keratins 7, 8, 18, and 19) is diagnostically helpful (Fig. 34.8),
whereas mesothelioma markers, such as calretinin, HBME-1, and WT1,
are inconsistently expressed in the sarcomatous areas of these tumors
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Figure 34.6. Desmoplastic mesothelioma has a vague storiform, spindle cell
pattern.

Figure 34.7. More atypical tumor cells are at least focally seen in desmoplas-
tic mesothelioma.



in our experience. It should be noted that the presence of keratin-
positive cells is not sufficient for this diagnosis, because pleural plaques
typically also contain keratin-positive spindle cells. Nuclear immuno-
staining for cell cycle marker TP53 (p53) has not been conclusive or
reproducible in the diagnosis according to one study (25).

Lymphohistiocytoid Mesothelioma

This designation refers to a rare variant of diffuse sarcomatoid
mesothelioma that can histologically resemble a lymphoma or a true
histiocytic sarcoma. Three such pleural tumors were originally identi-
fied among 394 cases entered as mesotheliomas in the Australian
Mesothelioma Surveillance Program (<1% of all mesotheliomas). All
patients had a history of asbestosis and died in 4 to 8 months (26).

Histologically distinctive are significant lymphohistiocytoid infiltra-
tion and lymhoplasma-cytic and histicytic infiltration; the latter may
lead to the false assumption that all neoplastic cells are lymphoid or
histiocytic. Also, the scattered large neoplastic cells among mixed
lymphocytic and histiocytic population may lead to the misdiagnosis
of Hodgkin’s disease. Immunohistochemically the lesional cells are
positive for keratins and usually for calretinin (27). In contrast, only the
background lymphoid and histiocytic populations are positive for lym-
phoid and histiocytic markers.

Small Cell Mesothelioma

This description pertains to a very rare variant of diffuse malignant
mesothelioma with a predominantly small cell histologic pattern. With
proper sampling, areas of conventional diffuse mesothelioma are
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Figure 34.8. All spindle cells in desmoplastic mesothelioma are strongly pos-
itive for keratins.



almost always identified in these tumors. A study by Mayall and Gibbs
(28) identified 10 such cases among 160 mesotheliomas in autopsy
material (6%). The question can be raised whether the possibility has
been ruled out that at least in some cases, this pattern could represent
postmortem artifact (cell shrinkage). Immunohistochemical studies on
this variant are scant, but it was reported to consist of keratin-positive
and chromogranin A negative cells; this reports predated the avail-
ability of calretinin (28).

Other small cell neoplasms may have been historically confused with
small cell mesothelioma. It is likely that older reports of this entity may
have referred to desmoplastic small round cell tumor, a primitive
epithelial, polyphenotypic neoplasm. This tumor typically occurs in 
the abdominal cavity of 5- to 30-year-old males. A minority of cases
have occurred in women, and well-documented examples have been
reported in the pleura. Irregularly shaped islands of small round tumor
cells in desmoplastic stroma, immunohistochemical coexpression of
keratins and desmin, and the presence of WT1-EWS gene fusion with
the t(11;22) translocation are the key diagnostic features of this tumor
(29).
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35
Differentiating Sarcomas 

from Mesotheliomas
Oliver Kim and Thomas Krausz

Despite the abundant literature data on the topic, the diagnosis of
malignant mesothelioma remains challenging. Its frequent phenotypic
heterogeneity and diverse architectural patterns underline the capac-
ity of mesothelioma to mimic other neoplasms, notably adenocarci-
noma and sarcomas. Immunohistochemical markers facilitate solving
differential diagnostic problems; however, in some cases, a definitive
diagnosis of malignant mesothelioma is still a challenge. The pleura 
or other serosal surfaces can be involved by a number of neoplastic
conditions, ranging from benign to malignant. Furthermore, meta-
static neoplasms commonly involve these sites. Although malignant
mesothelioma is a relatively uncommon tumor, it is the most common
primary malignancy of the pleura and can develop at other sites,
including the peritoneum, pericardium, and tunica vaginalis (1). 
Histologically, the major subtypes of malignant mesothelioma are
epithelioid, sarcomatoid, and mixed. Therefore, the differential diag-
nosis varies according to histologic type. Correlation between clinical,
radiographic, and pathologic findings is critical to make a correct 
diagnosis.

Although distinguishing mesothelioma from an adenocarcinoma 
is the more common problem, differentiating either a metastatic or
primary sarcoma from a malignant mesothelioma can have important
therapeutic consequences. Primary mesenchymal tumors, primarily
solitary fibrous tumors and sarcomas, of the pleura and other serosal
membranes are rare (1). Most sarcomatous tumors of the pleura are
manifestations of either a metastatic sarcoma or a sarcomatoid
mesothelioma. In addition, sarcomas arising from the chest wall or
lung can also involve the pleura. Both primary and metastatic sarco-
mas can mimic the characteristic clinical, radiologic, and pathologic
findings of a malignant mesothelioma. Distinguishing sarcomatoid
mesothelioma from morphologically similar sarcomas is a diagnostic
challenge. This chapter outlines a practical approach in distinguishing
mesothelioma from sarcomas.
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Sarcoma Versus Malignant Mesothelioma: 
General Differential Diagnostic Considerations

The pathologic features of sarcomatoid mesothelioma are not entirely
specific and often overlap with other primary and secondary serosal-
based sarcomas and spindle cell carcinomas. Furthermore, depending
on the degree of collagen deposition (desmoplastic mesothelioma), a
more frequent problem is distinguishing sarcomatoid mesothelioma
from benign fibrous pleurisy. The growth pattern of sarcomatoid
mesothelioma is diverse. It may be storiform with similarity to the so-
called malignant fibrous histiocytoma. The tumor cells may display a
fibrosarcoma-like appearance with long fascicles exhibiting a herring-
bone pattern. Leiomyoid differentiation has been described in which
the cells have oval, elongated nuclei, eosinophilic cytoplasm, and 
coexpress actin and desmin (2,3). In addition, heterologous elements,
including osteoid (4), chondroid (4), and rhabdomyoblastic differenti-
ation (5), rarely can be identified. Depending on the histologic features
present, diagnostic considerations can include fibrosarcoma, so-called
malignant fibrous histiocytoma, malignant peripheral nerve sheath
tumor (6), rhabdomyosarcoma, leiomyosarcoma (7), synovial sarcoma
(8), angiosarcoma (9–11), liposarcoma (12), malignant solitary fibrous
tumor (13–15), and chondrosarcoma (16), all of which have been
reported to arise primarily in the pleura. Metastatic neoplasms, includ-
ing sarcomatoid carcinoma, malignant melanoma, and thymoma, have
all been documented and should be diagnostic considerations (17).
Gastrointestinal stromal tumor (GIST), either as a metastasis or an
extraintestinal primary, can also histologically resemble a sarcomatoid
mesothelioma. C-KIT immunoreactivity defines this tumor, and is 
negative in mesotheliomas.

Cytokeratin expression is most useful in distinguishing most 
sarcomas from sarcomatoid mesothelioma. Characteristically, nearly all
mesotheliomas of epithelioid, sarcomatoid, or mixed type exhibit
strong cytokeratin expression (18,19). Both low and high molecular
weight cytokeratins are detectable in most mesotheliomas, especially
low molecular weight cytokeratins.

Although cytokeratin can be utilized to distinguish sarcomatoid
mesothelioma from most sarcomas, there are a few caveats. First, inves-
tigators have reported variable immunoreactivity with cytokeratins.
Although all epithelioid mesotheliomas express cytokeratin, the per-
centage of sarcomatoid mesotheliomas reported in the literature to
express cytokeratin is variable. Some investigators have detected
cytokeratins in 100% of their sarcomatoid mesothelioma cases exam-
ined (18,19). In contrast, others failed to detect cytokeratins in up to
40% of sarcomatoid mesotheliomas (4,5,13,20–24). In our experience, 
all cases of sarcomatoid mesothelioma exhibit immunoreactivity 
with cytokeratin antibody CAM 5.2. Thus, these results stress the
importance of utilizing, in addition to cytokeratins, a panel of other
immunomarkers.
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Second, cytokeratin expression can also be occasionally seen in sar-
comas (25,26), including monophasic synovial sarcoma, angiosarcoma,
malignant peripheral nerve sheath tumor, and leiomyosarcoma. But
cytokeratin immunoreactivity seen in these sarcomas is usually focal.
Monophasic synovial sarcomas tend to express either or both cytoker-
atins 7 and 19, whereas malignant peripheral nerve sheath tumors do
not (27). Malignant melanoma can metastasize to the pleura and sim-
ulate a mesothelioma. Rare melanomas are keratin-positive (28,29) but
typically express S-100 and HMB-45 antigen.

Third, cytokeratin does not discriminate sarcomatoid mesothelioma
from metastatic sarcomatoid carcinoma, primary pleural thymoma,
pseudomesotheliomatous carcinoma of lung, or even metastatic epithe-
lioid sarcoma. Cytokeratin immunoreactivity is typically strong in all
of these tumors. In these cases, positivity with any of the mesothelial-
specific markers or absence of carcinoma markers would favor 
sarcomatoid mesothelioma. However, many of the allegedly specific
mesothelial markers have cross-reactivity with other tumors, especially
metastatic carcinoma. Hence, the importance of utilizing a broad panel
of carcinoma and mesothelial markers is emphasized, in addition to
obtaining clinical history. Of important note, thymomas can rarely
occur in the pleura without evidence of an associated mediastinal
tumor (30). They may occur as a localized tumor or, more rarely, as a
diffuse pleural thickening mimicking a mesothelioma (30–32). Histo-
logically, they may be confused with a sarcomatoid mesothelioma 
with a lymphocytic infiltrate or a lymphohistiocytoid mesothelioma.
The neoplastic cells exhibit strong cytokeratin immunoreactivity. As
opposed to mesotheliomas, which can have a mixed population of
plasma cells and T and B lymphocytes, thymomas contain a popula-
tion of precursor T lymphocytes, commonly coexpressing CD1, CD2,
CD3, CD99 (MIC-2) (33), bcl-2 (34), and terminal deoxynucleotidyl
transferase (35) antigens. Epithelioid sarcoma, both the conventional
and proximal variant, can metastasize to the lung and pleura and be
difficult to differentiate from the epithelioid mesothelioma. They typi-
cally exhibit strong immunoreactivity to both low and high molecular
weight keratins. Although the conventional or distal variant of epithe-
lioid sarcoma tends to occur in young adults, the proximal variant
occurs in the older age group. Thus, epithelioid sarcoma should be con-
sidered in the differential diagnosis. The differentiating factor would
be the strong positivity for CD34 in a high percentage of epithelioid
sarcomas, for which mesotheliomas are negative.

Ultrastructural features of sarcomatoid mesothelioma are non-
specific and overlap with those of fibroblasts (5,36). The tumor cells
contain variable amounts of rough endoplasmic reticulum, Golgi appa-
ratus, intermediate filaments, and extracellular collagen. Occasionally,
the tumor cells exhibit actin filaments in the cell periphery, resembling
myofibroblasts. Epithelial differentiation can also be identified on occa-
sion, which includes the presence of intercellular junctions, rare surface
microvilli, aggregates of tonofilaments, and incomplete formation of
basal lamina. Differentiation of sarcomatoid mesotheliomas from other
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sarcomatoid neoplasms can be made by the presence of specific ultra-
structural components in other tumors that are typically lacking in
mesotheliomas. Thus, the diagnosis continues to rely on a multimodal
approach incorporating clinical history, gross and microscopic features,
immunohistochemistry, and electron microscopy to arrive at a defini-
tive diagnosis.

Synovial Sarcoma Versus Malignant Mesothelioma

Synovial sarcoma is a rare tumor most commonly found in the soft
tissues of the extremities but other sites, including the head and neck
(37–39), mediastinum (40–42), lung (43–48), heart (49), esophagus (50),
and vulva (51), have also been reported. There have been reports of
synovial sarcoma arising in the pleural cavity (8,52,53). The rarity of
this tumor at this site makes it a potentially overlooked diagnosis, espe-
cially since the histologic characteristics of synovial sarcoma can closely
resemble malignant mesothelioma. Both tumors can present with either
purely sarcomatoid or mixed sarcomatoid/epithelioid components.
Thus, monophasic synovial sarcoma must be distinguished from sar-
comatoid malignant mesothelioma, and biphasic synovial sarcoma
from mixed malignant mesothelioma. However, there are both clinical
and histologic features that aid in making a diagnosis of synovial
sarcoma arising within the pleural cavity.

In contrast to malignant mesothelioma, the majority of pleural syn-
ovial sarcomas tend to occur in children, adolescents, and young adults.
Although presenting with effusions is common, as in mesothelioma
cases, synovial sarcomas tend to be localized and relatively circum-
scribed mass lesions with rapid growth, rather than a diffusely infil-
trating mass, as is characteristic for mesothelioma. Pleural synovial
sarcomas exhibit similar histomorphologic, immunohistologic, and
ultrastructural features as synovial sarcomas occurring in other sites.
Reported cases of primary pleural synovial sarcomas correspond to
both the biphasic (52,53) and monophasic (44,54,55) variants of synovial
sarcoma. Thus, synovial sarcoma can be confused with both the bipha-
sic and sarcomatoid malignant mesothelioma (Figs. 35.1 and 35.2). In
synovial sarcoma, the neoplastic epithelial cells tend to express “car-
cinoma” markers, including keratins (Fig. 35.1), epithelial membrane
antigen (EMA), carcinoembryonic antigen (CEA), and BerEP4. The
cytokeratin staining pattern of the glandular cells of synovial sarcoma
is diffuse as opposed to the perinuclear keratin-staining pattern seen in
mesothelioma. In addition, the secretions from the epithelial compo-
nent are typically positive for neutral mucins, which are periodic 
acid-Schiff (PAS) positive and diastase-resistant, and Alcian blue posi-
tive and hyaluronidase resistant. This histochemical and immuno-
phenotypic reaction strongly argues against a malignant mesothelioma.
Monophasic synovial sarcoma and the sarcomatoid component of
biphasic synovial sarcoma characteristically express cytokeratins,
focally differentiating it from the typically strong and diffuse cytoker-
atin positivity seen in sarcomatoid mesothelioma (Fig. 35.2). Epithelial
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Figure 35.1. Biphasic synovial sarcoma [hematoxylin and eosin (H&E)] (A)
exhibiting strong keratin immunoreactivity (B) of the epithelioid (glandular)
component. Biphasic malignant mesothelioma (H&E) (C) showing both epithe-
lioid and sarcomatoid components.
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Figure 35.2. Monophasic synovial sarcoma (H&E) (A) expressing focal keratin
immunoreactivity (B) in the spindle cells. In comparison, a sarcomatoid malig-
nant mesothelioma (H&E) (C) exhibiting strong and diffuse keratin immunore-
activity (D).

membrane antigen also reacts in a similar pattern as cytokeratins in syn-
ovial sarcomas except it is expressed in a more prominent, often linear
fashion. MIC-2 (CD99) and bcl-2 have been shown to be useful markers
in the diagnosis of synovial sarcoma, exhibiting immunoreactivity in
the majority of cases (24,56,57). However, a few reports have shown
variable positivity for both markers in cases of mesothelioma (58,59). It
is important to keep in mind when the differential diagnoses include
malignant peripheral nerve sheath tumor and spindle cell melanoma
that S-100 protein may be detected in approximately 30% of synovial
sarcomas. Rare cells in malignant mesothelioma can also express 
S-100 antigen. Ultrastructurally, the epithelial component exhibits 
features similar to adenocarcinoma (60), including terminal bar and



desmosomal junctional complexes, external lamina, and surface micro-
villi protruding into the glandular lumen. In the monophasic synovial
sarcoma, the ultrastructural features may be nonspecific, but occasional
abortive lumina with projecting microvilli may be seen with thorough
examination. Of course, t(X;18)(p11;q11) is the cytogenetic hallmark of
synovial sarcoma, being present in nearly all cases (61,62).

Epithelioid Hemangioendothelioma/Angiosarcoma
Versus Malignant Mesothelioma

Although primary malignant vascular tumors of the serous membranes
are rare, both epithelioid hemangioendothelioma and angiosarcoma 
of the pleura have been described (10,11,63,64). Endothelial tumors
arising near serous membranes can mimic an epithelioid malignant
mesothelioma histologically and clinically (Fig. 35.3). Although these
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are regarded as morphologically and biologically distinct entities, rep-
resenting the low- and high-grade forms of malignant vascular tumors,
it is increasingly recognized that it is difficult to distinguish between
an epithelioid angiosarcoma and high-grade epithelioid hemangioen-
dothelioma. In addition, both tumors, when arising within the pleura,
have been associated with high morbidity and mortality (10). However,
the diagnostic distinction may still be important as further studies
determine which histologic features of epithelioid hemangioendothe-
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Figure 35.3. Epithelioid hemangioendothelioma showing the typical myxo-
hyaline matrix (H&E) (A) with aggregates of epithelioid tumor cells exhibiting
intracytoplasmic lumina with entrapped red blood cells (H&E) (B). Strong
CD31 immunoreactivity (C) reflects the endothelial nature of the epithelioid
tumor cells. Note the cytohistologic similarities to an epithelioid malignant
mesothelioma (H&E) (D).



lioma have an impact on prognosis. We have seen a case of epithelioid
hemangioendothelioma where the patient survived 8 years after
pleurectomy. Epithelioid tumor cells with prominent nucleoli and 
cytoplasmic vacuoles characterize both tumors. The vacuoles do not
contain hyaluronic acid, glycogen, lipid, or mucin, but may contain an
entrapped red blood cell, reflecting primitive lumen formation (Fig.
35.3). Epithelioid angiosarcoma is histologically a more aggressive-
looking tumor with large, vesicular nuclei and frequent mitotic figures.
The myxohyaline matrix is typical for epithelioid hemangioendothe-
lioma and not seen in epithelioid angiosarcoma. Both tumors may
exhibit a tubulopapillary growth pattern with diffuse extension over
the pleural surfaces similar to that seen in an epithelioid mesothelioma.
Hence, the term pseudomesotheliomatous angiosarcoma or hemangio-
endothelioma was coined. As opposed to epithelioid mesotheliomas,
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epithelioid angiosarcoma or hemangioendothelioma shows only 
focal and inconsistent immunoreactivity to cytokeratin antibodies
(63,65). The tumor cells also coexpress endothelial markers, including
CD31 (Fig. 35.3), CD34, and von Willebrand factor. Ultrastructur-
ally, the tumor cells demonstrate abundant intermediate filaments,
micropinocytotic vesicles, abortive lumena, interrupted basal lamina,
and Weibel-Palade bodies.

Solitary Fibrous Tumor Versus Malignant Mesothelioma

Solitary fibrous tumor is the most common benign mesenchymal
pleural neoplasm and must be distinguished from a sarcomatoid
malignant mesothelioma. Although first described by Klemperer and
Rabin (66) as a localized fibrous mesothelioma, subsequent studies
demonstrated that the tumor cells did not exhibit features of mesothe-
lial cells but showed fibroblastic differentiation (56,67,68). The tumor
most often occurs in adults between the fifth and sixth decade of life.
Extrapleural solitary fibrous tumors are also well recognized. Most
patients are asymptomatic but may experience hypoglycemia, which is
characteristically associated with some cases of solitary fibrous tumor
(69). As opposed to mesotheliomas, solitary fibrous tumors are typi-
cally well circumscribed and often partially encapsulated, or may be
attached to the pleura by a short pedicle. Histologically, solitary fibrous
tumors exhibit a so-called patternless architecture characterized by a
combination of alternating hypocellular, collagenous, and hypercel-
lular spindle cell areas with hemangiopericytoma-like vasculature 
(Fig. 35.4).

The tumor is composed of bland spindle cells with scant cytoplasm
and vesicular nuclei. The spindle cell component can adopt a variety
of growth patterns that may be mistaken for other tumors, including a
storiform pattern reminiscent of fibrohistiocytic tumors; hemangioperi-
cytic, angiofibromatous, herringbone, neural-type, and fascicular pat-
terns similar to fibrosarcoma; and malignant peripheral nerve sheath
tumor or monophasic synovial sarcoma. The hypocellular areas can
exhibit prominent myxoid change, and, rarely, metaplastic bone for-
mation, mature adipocytes, and multinucleated stromal giant cells.
Mitotic activity is generally low. Malignant solitary fibrous tumors 
are usually hypercellular with cytologic atypia, necrosis, infiltrative
margins, and increased mitotic activity (more than four mitoses per 10
high-power fields), although the cut-off point between a benign and
malignant solitary fibrous tumor is not established. On a small biopsy,
it can be extremely difficult to differentiate a solitary fibrous tumor
from a mesothelioma or other mesenchymal tumors. Immunohisto-
chemistry has an important diagnostic role in this differentiation.
Tumor cells in solitary fibrous tumors are characteristically immunore-
active with CD34 (70–73) (Fig. 35.4). In addition, MIC-2 (CD99) is
present in a high percentage of cases (74). Variable positivity is seen
with bcl-2 (56,75) and smooth muscle actin. Focal and limited reactiv-
ity is occasionally seen for S-100, and desmin. Mesothelioma is 
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Figure 35.4. Solitary fibrous tumor showing a
hypercellular focus of bland spindle cells with
hemangiopericytoma-like vasculature (H&E)
(A), intercellular collagen formation (H&E) (B),
and strong immunoreactivity to CD34 (C).



typically CD34-negative and strongly positive for cytokeratin. A diag-
nostic problem may arise when entrapped mesothelial cells in a soli-
tary fibrous tumor immunoreact strongly with a cytokeratin
immunostain. Ultrastructurally, solitary fibrous tumors are nonspecific
and often demonstrate features of fibroblasts, myofibroblasts, or,
arguably, pericytes (71). Electron microscopy is of limited use in dis-
tinguishing solitary fibrous tumor from sarcomatoid mesothelioma.
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36
Diagnosis of Synovial Sarcoma 

of the Pleura and Differentiation
from Malignant Mesothelioma

Amy Powers and Michele Carbone

Synovial sarcomas (SSs) are soft tissue tumors that occur primarily in
adolescents and young adults between the ages of 15 and 40 (1). The
tumors comprise 5% to 10% of all soft tissue sarcomas, and most com-
monly arise in extremities in the vicinity of large joints. Rare cases have
also been reported in virtually every anatomic site, including the head
and neck, lung, heart, mediastinum, abdominal wall, central nervous
system (CNS), prostate, and pleura. Synovial sarcomas do not arise
from synovium, as the name implies. Instead, they are thought to arise
from primitive mesenchymal cells, which explains their development
in locations devoid of synovium (1).

Synovial sarcomas of the pleura usually represent metastatic disease,
but more than 20 primary SSs of the pleura have been reported in the
English-language literature, making these tumors a rare but important
diagnostic consideration (Table 36.1) (2–10). The origin of pleural syn-
ovial sarcomas may be undifferentiated submesothelial mesenchyme,
which could undergo differentiation toward epithelial or spindle cells.
The rarity of primary synovial sarcoma of the pleura and its morpho-
logic similarity to malignant mesothelioma (MM), the most common
primary malignant pleural lesion, make it a difficult and easily over-
looked diagnosis. This chapter discusses the differences between the
two entities.

Clinical History

Clinical features can be useful in distinguishing between MM and SS
of the pleura. However, because there is considerable overlap between
these two entities, clinical findings alone are not always reliable in
making a diagnosis of SS versus MM.

Synovial sarcomas have no significant gender predilection, while
mesotheliomas are more common in males (1). Synovial sarcomas also
tend to occur in younger patients. Of 23 primary SSs of the pleura re-
ported in the literature, the average age was 37 (range 9–77). Mesothe-
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liomas, in contrast, typically develop in patients 50 to 70 years of age
and are rarely seen in adolescents and young adults. Occasional pri-
mary pleural SSs have been reported in older adults, however. Aubry
et al (2) reported a monophasic SS in a 69-year-old man, and Carbone
et al (10) detailed the development of a biphasic SS in a 74-year-old
man. A primary pleural SS in an old individual was also reported by
Chan et al (8), but the histologic subtype was not specified. Thus, a
diagnosis of SS should not be ruled out based on old age alone. Chan
et al suggested that SSs in older individuals (>60 years of age) are more
likely to have unusual histologic patterns and poorly differentiated
morphology, which can make diagnosis more challenging. In addition,
these higher grade lesions are typically associated with aggressive
behavior and frequent metastasis.

Synovial sarcomas typically grow at a faster rate and present radio-
logically as a discrete, localized mass with or without associated pleural
thickening. A pseudocapsule is occasionally present (4). In contrast,
MMs grow slowly, more commonly present as diffuse pleural thicken-
ing or multiple pleural nodules, and do not have capsules or pseudo-
capsules. Localized MMs are extremely rare, and the presence of a
localized pleural-based mass should instead raise suspicion of a soft
tissue tumor. Pleural effusions, although more common in MM, have
been reported in both malignancies and do not reliably rule out SS (4).
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Table 36.1. Primary pleural synovial sarcomas: clinical and patho-
logical features
Author (reference) Patient age Sex Histopathology Molecular studies

Jawahar et al (3) 18 F Biphasic t(X;18)
Gaertner et al (4) 17 F Biphasic NP

17 F Biphasic NP
50 M Biphasic NP
9 M Biphasic NP

32 F Biphasic NP
Aubry et al (2) 33 M Monophasic t(X;18)

41 M Monophasic t(X;18)
41 M Monophasic t(X;18)
49 F Monophasic t(X;18)
69 M Monophasic t(X;18)

Nicholson et al (5) 42 M Biphasic NP
28 M Monophasic NP
42 M Monophasic NP

Carbone et al (10) 74 M Biphasic t(X;18)
Colwell et al (6) 39 M Monophasic Negative

23 F Monophasic t(X;18)
33 M Biphasic Indeterminant

Essary et al (7) 30 M Monophasic NP
32 F Monophasic NP

Hirano et al (9) 46 F Biphasic NP
Ng et al (11) 15 M Monophasic t(X;18)
Chan et al (8) 77 F Not Stated NP
NP, not performed.



A clinical history of asbestos exposure in an individual with a
pleural-based tumor should raise the suspicion of an MM. However,
pleural SSs have also been reported to occur in asbestos-exposed indi-
viduals, and one should be cautious not to jump to a diagnosis of MM
based on history alone (10).

Gross Pathology

A thorough macroscopic examination must be performed when differ-
entiating between these malignancies, as they tend to have distinct
gross morphologies. Gross examination of 22 reported cases of pleural
synovial sarcoma demonstrated both solid and cystic masses ranging
in size from 4.5 to 25cm (2–7,9–11). Occasionally, pleural SSs have been
reported to encase a lobe (2) or even an entire hemithorax (10), but they
typically form localized, pleural-based masses with or without pedi-
cles. In rare cases of SS, multifocal patterns have also been reported (6).
Synovial sarcomas tend to be gray-white and fleshy, and frequently
have associated hemorrhage, necrosis, and calcification. Pseudocapsu-
lation was reported in several tumors. These tumors may have associ-
ated pleural thickening, and one tumor was associated with pleural
plaques (10).

Malignant mesotheliomas, in contrast, typically present as multiple
nodules covering the pleura or as a diffuse sheet-like pleural thicken-
ing that can encase and compress the lungs (1). The tumor may extend
superficially into the lungs, or along needle biopsy tracts. Localized,
solitary discrete masses, in contrast to SS, are extremely rare. The
appearance of MM is also typically gray-white, and can vary from firm
and rubbery to soft and gelatinous. There may be foci of hemorrhage
and necrosis, and this tumor is typically associated with pleural
plaques due to its strong association with asbestos exposure (1).

Histopathology

Malignant mesotheliomas of the pleura typically have an epithelioid,
biphasic, or sarcomatoid pattern. Synovial sarcomas, like MMs, also
exhibit biphasic or sarcomatoid morphology. Theoretically, a monopha-
sic epithelial SS should exist, but this variant could be reliably diag-
nosed only by using cytogenetic data (1). Since no monophasic
epithelial SS of the pleura have been reported, only the biphasic and
sarcomatoid variants of these tumors are considered in this discussion.

Histologically, biphasic SS and biphasic MM exhibit subtle differ-
ences (4,12). Biphasic SS (Fig. 36.1) have a long interweaving spindled
component that is compact and cellular, with little stromal collagen.
Foci of hemiangiopericytomatous architecture (Figs. 36.1A and 36.2)
and of microcalcification (Fig. 36.1D) are characteristic, and hyaline
fibrosis can be present. Mast cells are often prominent, but glycogen is
sparse. In contrast, the spindled component of biphasic MM consists
of shorter, looser fascicles of blunt spindle cells with more stromal col-
lagen. Hyaline fibrosis and hemangiopericytomatous architecture are
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Figure 36.2. Histology of SS. Hemangiopericytomatous appearance at high
magnification (400¥).

Figure 36.1. Histology of synovial sarcoma (SS). A: Hemgiopericytomatous appearance (100¥).
B: Sarcomatoid SS. C: Biphasic SS, focus of epithelioid differentiation. D: Sarcomatoid SS, focus of 
microcalcification.



rare. Mast cells are also fewer in number, but glycogen is abundant
(4,12). The epithelial component of biphasic SS typically consists of
epithelial cells forming cleft-like glandular spaces and tubulopapillary
structures. The epithelial component of well-differentiated biphasic
mesotheliomas can also be tubulopapillary, but there is typically a
gradual transition between the sarcomatous and epithelial elements in
these tumors, while there is a sharp abutment of these areas in SS (1).

Sarcomatoid MMs, similar to the spindle component in biphasic 
variants, usually consist of short blunt fascicles of pleomorphic tumor
cells (Fig. 36.3). The fascicles may be poorly formed, and cells can have
abundant eosinophilic cytoplasm. Sarcomatoid MM rarely displays a
fibrosarcomatous or hemangipericytomatous pattern. This is distinct
from monophasic SSs, which are composed of longer interweaving fas-
cicles of densely packed, mildly pleomorphic, and overlapping spindle
cells with a high mitotic rate. Moreover, abundant dense collagen depo-
sition among sparse sarcomatoid and/or gland-like epithelioid struc-
tures, characteristic of desmoplastic mesothelioma (Fig. 36.3), is not seen
in SS. Monophasic SSs may exhibit a fibrosarcomatous or hemangioperi-
cytomatous pattern, and the presence of either of these two patterns in a
pleural-based lesion should immediately raise suspicion for SS (1,12).

Mucin

Mucin staining is typically not performed in the differentiation be-
tween pleural SS and MM, but some authors have observed useful dif-
ferences in staining. In contrast to MM, pleural SSs contain secretions
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Figure 36.3. Desmoplastic mesothelioma. Compare with histology of sarco-
matoid SS shown in Figure 36.1.



that are mucicarmine positive and hyaluronidase resistant, and peri-
odic acid-Schiff (PAS) positive and diastase resistant. Rare MM may
exhibit mucicarmine or PAS staining, but it is eliminated with
hyaluronidase or diastase digestion (4,12).

Immunohistochemistry

Immunohistochemistry (IHC) plays a limited role in the distinction of
SS from MM, since there are presently no immune markers that are
unique for either entity. We recommend that a panel of markers be used
to support a diagnosis of either of these tumors, which should include
cytokeratins, calretinin, WT-1, Bcl-2, CD56, and CD99.

Both SS and MM display immunoreactivity for vimentin and pan-
cytokeratin. The former, although nonspecific is useful to verify the
immunoreactivity of the tissue (i.e., almost everything stains for
vimentin, Fig. 36.4A). It is our experience and that of others that nearly
100% of MMs are diffusely positive for cytokeratin (10,13); >90% of SSs
(Fig. 36.4B) also display focal reactivity, which is most pronounced in
the epithelioid component (1). While poorly differentiated SSs are less
likely to exhibit cytokeratin positivity, as many as 50% have been
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Figure 36.4. Immunoreactivity of SS. A: Vimentin, positive (200¥). B: Cytokeratin 5/6. Note positivity
of superficial and entrapped reactive mesothelial cells. Tumor cells are mostly negative (100¥). C1:
CD99, positive (400¥). C2: Bcl-2, focally positive on spindle tumor cells (200¥). D1: WT-1, negative
(200¥). D2: WT-1, fibrous MM positive control (200¥).



shown to express focal keratin positivity (14). Thus, it appears that
while the value of cytokeratin alone is limited in differentiating be-
tween these two tumors, focal positivity, rather than diffuse staining,
is suggestive of SS.

Like the cytokeratins, the use of calretinin to differentiate between
these two tumors is limited. It is well established that both epithelioid
and sarcomatoid MM express calretinin. Aubry et al (2) observed cal-
retinin reactivity in 44 of 44 mesotheliomas (36 epithelial, five bipha-
sic, and four sarcomatoid). In biphasic mesotheliomas, staining was
seen in both the epithelial (3–4+) and spindle cells (2+). Like MM, SS
can also express this marker. Miettinen et al (15) demonstrated calret-
inin positivity in 71% of biphasic SS, 52% of monophasic SS, and 56%
of poorly differentiated SS.

While both SS and MM express calretinin, it has been suggested that
this marker may be of some value in differentiating between biphasic
variants of these tumors. Cappello and Barnos (12) observed calretinin
reactivity (2–3+) in the epithelial component of four of four biphasic
MMs. The spindled component was negative in four of four MMs. In
contrast, they observed staining (1–2+) in the spindled component in
four of four biphasic SSs, while the epithelial component was weakly
positive (1+) in only one of four. Thus, they concluded that strong dif-
fuse calretinin staining in the epithelial component of a biphasic tumor
with or without staining of the spindle cells is more indicative of an
MM than an SS.

In contrast to cytokeratin and calretinin, WT-1 appears to be a more
useful marker in differentiating between SS and MM (Fig. 36.4D1,2).
Miettinen et al (15) found that none of 18 biphasic SSs, none of 31
monophasic SSs, and none of 11 poorly differentiated SSs expressed
WT-1. In contrast, 12 of 17 epithelioid MMs expressed WT-1. Similarly,
Amin et al (16) found that 95% of MMs expressed WT-1, including sar-
comatous variants. Thus, WT-1 reactivity supports a diagnosis of MM
rather than SS.

Like WT-1, Bcl-2, a protein involved in apoptosis, appears useful in
discriminating between MM and SS of the pleura. Bcl-2 staining was
found in the spindle component of 79% to 100% of SSs (Fig. 36.4C2)
but only in 0 to 10% of MMs (12). In a direct comparision, Cappello
and Barnes (12) observed Bcl-2 reactivity (3+) in the spindle component
of four of four biphasic SSs, but only weak positivity (1–2+) in four of
four biphasic MMs. The epithelial component of two of four SSs and
four of four MMs was also positive (1–2+). Cappello and Barnes sug-
gested that strong spindle cell Bcl-2 staining is more indicative of SS.

The use of Ber-Ep4 is controversial. Reports of Ber-Ep4 staining in
MM are variable. Gaffey et al (17) studied 49 MMs, including epithe-
lioid and biphasic variants, and found that 10 (20%) exhibited focal
(<25%) epithelioid staining. In contrast, Sheibani et al (18) found that
of 115 MMs (including epithelioid, biphasic, and sarcomatoid variants),
only one (0.9%) biphasic tumor stained with Ber-Ep4. Cappello and
Barnes (12) found that four of four biphasic MMs were negative for
Ber-Ep4, while two of four biphasic SSs displayed focal positivity in
the epithelioid component. In the study by Gaetner et al (4), five of five
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pleural-based biphasic SSs exhibited epithelioid staining with Ber-Ep4,
while four of five showed staining in the spindle cell component.

HBME-1 is of limited value in the distinction between SS and MM,
as HBME-1 positivity is seen in epithelioid components of MM as well
as biphasic and monophasic SS (15). Staining for epithelial membrane
antigen (EMA) may also be seen in both, and occasional S-100 positiv-
ity is also seen in SS and MM (4). CD99 (Fig. 36.4C1), the product of
the MIC2 gene, has been observed at similar frequencies in both SS and
MM (5). CD56 staining is frequent in SS (1). Both SS and MM typically
demonstrate no reactivity with B72.3, LeuM1, or CD34.

Overall, the use of immunohistochemistry in the distinction between
MM and SS of the pleura is challenging and limited at best. Panels 
of markers are recommended since no single marker is diagnostic of
either MM or SS. However, coexpression of Bcl-2, CD56, and CD99 with
negative staining for calretinin, WT-1, and focal cytokeratin positivity
strongly suggests the diagnosis of SS rather than MM.

Electron Microscopy

Ultrastructurally, MMs are characterized by several unique features
that can be useful when trying to differentiate these tumors from SSs.
Classically, biphasic and epithelioid MMs are characterized by long,
slender, tortuous branching microvilli (Fig. 36.5A), but this finding may
be diminished or lost in poorly differentiated neoplasms. Abundant
intracytoplasmic glycogen is also seen. SSs, in contrast, have shorter
blunt microvilli (Fig. 36.5B), and glycogen is sparse to absent (1,9,10).

Molecular Studies

Overall, while clinical history, gross and microscopic examination, 
and IHC may suggest a diagnosis of pleural SS, molecular diagnostic
studies are considered the only definite way to differentiate SS from
MM of the pleura. Regardless of histologic subtype, the chromosomal
translocation t(X;18)(p11.2;q11.2) is characteristic of synovial sarcomas
(10). A variety of techniques have been used to detect this translocation
including conventional and molecular cytogenetics and reverse-tran-
scription polymerase chain reaction (RT-PCR). While this translocation
has been occasionally reported in other tumor types, particularly
fibrosarcomas and malignant fibrous histiocytomas, these cases more
likely represent misdiagnosed SS (1).

The characteristic translocation results in fusion of the SYT gene
on chromosome 18 to the SSX gene on chromosome X (Fig. 36.6). This
translocation has been convincingly demonstrated in primary pleural
SSs. Aubry et al (2), using RT-PCR, confirmed the presence of this
translocation in five of five sarcomatoid primary SSs of the pleura.
Carbone et al (10) and Ng et al (11) also confirmed the presence of this
translocation in biphasic and monophasic pleural SSs, respectively.
Overall, of 11 cases of primary pleural SS, nine (82%) contained the
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Figure 36.5. Electron microscopy characteristics of mesothelioma (A) charac-
terized by long branching microvilli (12,000¥) and of SS (B) showing short blunt
microvilli (8,000¥).
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translocation, one (9%) did not, and one (9%)was indeterminant. While
MM can harbor multiple cytogenetic abnormalities, including partial
loss of chromosome 1 (1p11–p22), chromosome 3 (3p14–p25), and chro-
mosome 9 (9p), there have been no reports of the X;18 translocation 
in MM (1,10). Thus, molecular diagnostics is currently an extremely
valuable tool in the differential diagnosis of a pleural-based mass when
there is suspicion of SS.

The type of SYT-SSX fusion gene detected in SS appears to correlate
with both tumor morphology and prognosis. Kawai et al (19) observed
that biphasic morphology correlated with the SYT-SSX2 fusion tran-
script, and monophasic morphology correlated with the SYT-SSX1
fusion transcript. Furthermore, those patients with biphasic tumors
expressing the SYT-SSX2 fusion transcript had a better survival rate
than those with SYT-SSX1 monophasic SS. Nilsson et al (20) also found
that SS containing the SYT-SSX1 fusion transcripts had poorer 
outcomes.
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Figure 36.6. X;18 translocation. A: The different possible molecular rearrange-
ments described in this type of translocation. The translocation detected in this
particular tumor involves the SYT gene on chromosome 18, and the SSX2 gene
on chromosome X. B: Southern blot hybridization showing the X:18 transloca-
tion detected in this tumor. Lane 1: Patient RNA extraction purified on Qiagen
column. Lane 3: RNA extraction not purified; (10 ml). Lane 5: RNA extraction
not purified (2 ml). Lane 7: SS-positive control (courtesy of Dr. Lasota). Lanes 9,
11, 13: Negative controls. Lane 14: Molecular weight. Lanes 15 and 19: SS-
positive controls from our collection of SS. Lane 17: MM negative control. 
Lanes 2, 4, 6, 8, 10, 12, 16, and 18 are empty. RT-PCR.



Conclusion

The true incidence of primary SS of the pleura is unknown. Although
it is a rare tumor, it is likely underdiagnosed and frequently mistaken
for MM, the most common malignant pleural lesion. Diagnosis of
pleural SS can be extremely challenging. The apparent rarity of the
tumor in this location makes it an easily overlooked diagnosis. In 
addition, this tumor can be reliably distinguished from a MM only 
by using cytogenetics, since these entities have overlapping clinical,
gross, histologic, and immunohistochemical features. This diagnostic
problem has been compounded by the fact that the molecular tools 
to diagnose the unique X;18 translocation have only recently become
available. Furthermore, few laboratories have the resources in place to
identify this translocation (4,10,12,15).

While challenging, the distinction between MM and SS of the pleura
is essential, since these entities have distinct treatments and prognosis.
Synovial sarcomas can be responsive to chemotherapy, particularly 
to ifosfamide-based regimens, while sarcomatoid mesotheliomas are
chemoresistant (1,21). As a result, synovial sarcomas are treated aggres-
sively, while patients with sarcomatoid mesotheliomas are often given
supportive therapy only. Furthermore, patients with MM have an aver-
age survival of less than 12 months, while patients with SS can have
longer survival rates. In a series of primary biphasic SS of the pleura
(4), patients survived an average of 35 months, with a range of 12 to
more than 96 months. With chemotherapy, some authors have reported
5-year survivals as high as 57% in patients with SS (6). Finally, a diag-
nosis of MM often has important legal consequences, due to its strong
association with asbestos exposure; SS has not been associated with
asbestos, and when mistaken for a MM, it can result in unnecessary
legal fees and settlements.

References

1. Weiss SW, Goldblum JR, eds. Soft Tissue Tumors, 4th ed. St. Louis: Mosby,
2001.

2. Aubry MC, Bridge JA, Wickert R, Tazelaar HD. Primary monophasic 
synovial sarcoma of the pleura. Am J Surg Pathol 2001;25:776–781.

3. Jawahar DA, Vuletin JC, Gorecki P, Persechino F, Macera M, Magazeh P.
Primary biphasic synovial sarcoma of the pleura. Respir Med 1997;91:
568–570.

4. Gaertner E, Zeren H, Fleming M, Colby T, Travis W. Biphasic synovial sar-
comas arising in the pleural cavity. A clinicopathologic study of five cases.
Am J Surg Pathol 1996;20:36–45.

5. Nicholson AG, Goldstraw P, Fisher C. Synovial sarcoma of the pleura and
its differentiation from other primary pleural tumors: a clinicopathological
and immunohistochemical review of three cases. Histopathology 1998;33:
508–513.

6. Colwell AS, D Cunta J, Vargas S, et al. Synovial sarcoma of the pleura: a
clinical and pathologic study of three cases. J Thorac Cardiovasc Surg 2002;
124:828–832.

A. Powers and M. Carbone 553



7. Essary LR, Vargas SO, Fletcher CD. Primary pleuropulmonary synovial
sarcoma: reappraisal of a recently described anatomic subset. Cancer
2002;94:459–469.

8. Chan JA, McMenamin ME, Fletcher CDM. Synovial sarcoma in older
patients: clinicopathological analysis of 32 cases with emphasis on unusual
histological features. Histopathology 2003;43:72–83.

9. Hirano H, Kizaki T, Sashikata T, et al. Synovial sarcoma arising from 
the pleura: a case report with ultrastructural and immunohistochemical
studies. Med Electron Microsc 2002;35:102–108.

10. Carbone M, Rizzo P, Powers A, et al. Molecular analyses, morphology and
immunohistochemistry together differentiate pleural synovial sarcomas
from mesotheliomas: clinical implications. Anticancer Res 2002;22:3443–
3448.

11. Ng SB, Ahmed Q, Tien SL, et al. Primary pleural synovial sarcoma. A case
report and review of the literature. Arch Pathol Lab Med 2003;127:85–90.

12. Cappello F, Barnes L. Synovial sarcoma and malignant mesothelioma of
the pleura: review, differential diagnosis and possible role of apoptosis.
Pathology 2001;33:142–148.

13. Battifora H, McCaughey WTE. Atlas of Tumor Pathology. Tumors of the
Serous Membrane. Washington, DC: Armed Forces Institute of Pathology,
1995:17–89.

14. Folpe AL, Schmidt RA, Chapman D, Gown AM. Poorly differentiated syn-
ovial sarcoma: immunohistochemical distinction from primitive neuroec-
todermal tumors and high grade malignant peripheral nerve sheath
tumors. Am J Surg Pathol 1998;22:673–682.

15. Miettinen M, Limon J, Niezabitowski A, Lasota J. Calretinin and other
mesothelioma markers in synovial sarcoma. Am J Surg Pathol 2001;25:610–
617.

16. Amin KM, Litzky LA, Smythe WR, et al. Wilms’ tumor 1 susceptibility
(WT1) gene products are selectively expressed in malignant mesothelioma.
Am J Pathol 1995;146:344–356.

17. Gaffey MJ, Milles SE, Swanson PE, et al. Immunoreactivity for Ber-Ep4 in
adenocarcinomas, adenomatoid tumors, and malignant mesotheliomas.
Am J Surg Pathol 1992;18:593–599.

18. Sheibani K, Shin SS, Kezirian J, et al. Ber-Ep4 antibody as a discriminant
in the differential diagnosis of malignant mesothelioma versus adenocar-
cinoma. Am J Surg Pathol 1991;15:779–784.

19. Kawai A, Woodruff J, Healey JH, et al. SYT-SSX gene fusion as a determi-
nant of morphology and prognosis in synovial sarcoma. N Engl J Med
1998;228:153–160.

20. Nilsson G, Skytting B, Xie Y, et al. The SYT-SSX1 variant of synovial
sarcoma is associated with a high rate of tumor cell proliferation and poor
clinical outcome. Cancer Res 1999;59:3180–3184.

21. Pass HI, Robinson BW, Testa JR, Carbone M. Emerging translational ther-
apies for mesothelioma. Chest 1999;116:455S–460S.

554 Chapter 36 Synovial Sarcoma of the Pleura



37
Pitfalls in the Diagnosis of

Malignant Mesothelioma
Donald G. Guinee, Jr. and William D. Travis

The pathologic assessment of pleural lesions encompasses a variety of
neoplastic and reactive conditions that may be difficult to distinguish
(Table 37.1). The most common diagnostic problems involve the dis-
tinction of an epithelial malignant mesothelioma from adenocarci-
noma, and the distinction of reactive epithelial or fibrous proliferations
from epithelial or sarcomatoid mesothelioma, respectively. Pleural
involvement by benign or malignant processes may sometimes simu-
late mesothelioma. Likewise, some types of mesotheliomas may simu-
late either benign processes or other types of malignancies. Integration
of histologic, clinical, and radiographic data is important in arriving at
an accurate diagnosis.

Epithelial Mesothelioma Versus 
Mesothelial Hyperplasia

In some cases, the differential diagnosis between mesothelioma and an
organizing pleural effusion with reactive mesothelial hyperplasia may
be exceedingly difficult (1–3). The strongest criterion of malignancy is
the presence or absence of stromal invasion. Benign mesothelial pro-
liferations associated with organizing pleuritis lack invasion. Glands or
cells may become incorporated into the thickened pleura, but these
tend to be oriented parallel to the surface. There is often a gradation of
cellularity from higher (toward the pleural cavity or subpleural) to
lower (or sclerotic) toward the chest wall or lung (Fig. 37.1). Mesothe-
lioma, on the other hand, may either show glands and cells with no
particular orientation to the surface (Fig. 37.2A,B) and no particular
gradient of cellularity or with increased cellularity toward the chest
wall or lung. The presence of mesothelial cells within fat or muscle of
the chest wall or within the lung parenchyma is consistent with inva-
sion and strongly supports the interpretation of malignant mesothe-
lioma. True papillary formations deep within tissue are also usually a
sign of invasion and consistent with malignancy. Immunohistochemi-
cal staining for cytokeratin may be helpful in confirming the presence
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of invasion into chest wall or in illustrating the pattern of glands within
a thickened pleura (Fig. 37.2C). Pathologists should be cautious in the
interpretation of invasion as mesothelial cells within fibrinous exudates
or tangential sections of pleura with reactive mesothelial cells may 
simulate invasion.

Besides invasion, other features suggesting malignancy include
marked cytologic atypia, lack of inflammation, atypical mitoses, and
tumor necrosis (Tables 37.2 and 37.3) (2,3). Cytologic atypia should 
be assesed with caution as reactive mesothelial cells are often atypical
in an inflammatory background. Tumor necrosis must also be distin-
guished from necrotic inflammatory exudates, which may complicate
pleural diseases. Nonetheless, a pathologist can render a diagnosis of
malignant mesothelioma in the absence of stromal invasion if biopsies
from a solid tumor mass show conclusive cytologic features of malig-
nancy. These features are summarized in Tables 37.2 and 37.3.

In addition to histologic features, some authors have suggested other
ancillary techniques to aid in the distinction of benign from malignant
mesothelial proliferations. These efforts have included counting the
silver nucleolar organizer regions, and staining for p-glycoprotein, p53,
and telomerase reverse transcriptase (3–7). However, the International
Mesothelioma Panel has not recommended these techniques for 
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Table 37.1. Problems in the differential diagnosis of malignant
mesothelioma
Epithelial mesothelioma vs. mesothelial hyperplasia
Organizing pleuritis vs. sarcomatoid or desmoplastic mesothelioma
Benign processes or neoplasms mimicking mesothelioma

Fibrous pleurisy (chronic fibrous pleuritis)
Reactive eosinophilic pleuritis
Nodular mesothelial hyperplasia
Xanthomatous pleuritis
Adenomatoid tumor
Thymoma

Metastatic or primary malignancies of the pleura mimicking malignant 
mesothelioma

Carcinoma simulating mesothelioma (“pseudomesotheliomatous 
carcinoma”)

Vascular tumors simulating mesothelioma
Epithelioid hemangioendothelioma
Angiosarcoma

Primary pleural synovial sarcoma
Metastatic melanoma simulating mesothelioma
Primary effusion lymphoma and pyothorax associated lymphoma

Mesothelioma simulating other malignancies
Localized mesothelioma
Desmoplastic mesothelioma simulating sclerosing mediastinitis
Mucin-positive mesothelioma
Lymphohistiocytoid mesothelioma
Deciduoid mesothelioma

Mesothelioma of low malignant potential
Well-differentiated papillary mesothelioma

Diagnostic pitfalls in metastatic mesothelioma
Mesothelial cells in mediastinal lymph nodes



diagnosis, and additional studies are needed to further establish their
utility.

When unable to make a definitive diagnosis, the biopsy should be
considered an “atypical mesothelial proliferation” to indicate the
uncertainty. Definitive diagnosis may be more difficult in small 
biopsies.
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Figure 37.1. A,B: Organizing pleural effusion. There is a gradation of cellular-
ity from higher (underneath pleural surface) to lower (or sclerotic) toward the
chest wall. Mesothelial cells, when entrapped, tend to be arranged parallel to
the pleural surface.
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Figure 37.2. Malignant mesothelioma, epithelial type. A,B: A thickened pleura
is infiltrated by a haphazard proliferation of irregular glands and cells. C: The
presence of mesothelial cells within fat of the chest wall is highlighted by
immunohistochemical staining for cytokeratin, consistent with invasion.
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Figure 37.2. Continued

Table 37.2. Features favoring malignancy in epithelial mesothelial
proliferations
True stromal invasion

Infiltration of (1) chest wall fat or skeletal muscle or (2) visceral pleural 
connective tissue or interlobular septa

True papillary formations within tissue
Irregular orientation of nests of mesothelial cells with respect to pleural 

surface
Marked cytologic atypia
Diffusely high cellularity without gradation
Atypical mitoses
Tumor necrosis

Table 37.3. Features favoring reactive mesothelial proliferation asso-
ciated with an organizing pleural effusion
No stromal invasion

No infiltration of fat or skeletal muscle of chest wall
No true papillary formations within tissue
Parallel orientation of nests of mesothelial cells with respect to pleural 

surface (presumably representing entrapped cells within an 
organizing pleural effusion)

Only mild to moderate nuclear atypia
Gradation of cellularity from higher (toward the pleural cavity or 

subpleural) to lower or sclerotic (toward chest wall or lung)
Mitoses confined to cells outside of tissue; no atypical mitoses
Absence of tumor necrosis

C



Organizing Fibrous Pleuritis Versus Sarcomatoid or
Desmoplastic Mesothelioma

As in the distinction of reactive epithelial mesothelial prolifera-
tions from epithelial mesothelioma, the distinction of reactive fibrous
pleural proliferations from sarcomatoid mesotheliomas may be diffi-
cult. Mesotheliomas in which there is a prominent collagenous stroma,
termed desmoplastic mesotheliomas, may be especially problematic as
they may contain only scattered cytologically atypical cells within a
prominent sclerotic background (8,9). As with epithelial mesothelial
proliferations, invasion of the chest wall or visceral pleura strongly
supports malignancy (Fig. 37.3). Immunohistochemical staining for
cytokeratin is helpful in highlighting infiltration of chest wall fat or
skeletal muscle by atypical spindled mesothelial cells. Keratin expres-
sion is also useful in highlighting whether the pattern of a spindled cell
proliferation is orderly or disorderly (2,9–11). Caution should be used,
however, in more superficial areas of the biopsy as subserosal fibro-
blasts may show keratin expression in reactive conditions (12).

Besides invasion, frankly sarcomatous foci, necrosis, pattern of cel-
lularity, and the relative absence of associated inflammation are also
helpful in distinguishing desmoplastic mesothelioma from reactive
processes. Frankly sarcomatous areas are consistent with malignancy,
whereas organizing fibrous pleuritis tends to show a gradient of cellu-
larity (“zonation”) from higher toward the pleural cavity (subpleural),
and lower toward the chest wall or the lung. Foci of bland necrosis 
in a spindled cell proliferation or the presence of distant metastases 
are also consistent with malignancy. Desmoplastic mesotheliomas typi-
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Figure 37.3. Malignant mesothelioma, desmoplastic type. Invasion of fat of
chest wall by scattered atypical cells of desmoplastic mesothelioma.



cally show a “storiform” pattern of spindled cells that sometimes form
nodules with increased cellularity. In contrast, reactive pleural fibrosis
or pleural plaques show a different pattern. Reactive pleural fibrosis
often demonstrates a parallel arrangement of blood vessels oriented
perpendicular to the pleural surface (2,3,9–11). Pleural plaques show a
basket-weave pattern of dense fibrous tissue with slit-like spaces unlike
the haphazard or storiform arrangement in desmoplastic mesothe-
lioma. These histologic features are summarized in Tables 37.4 and 37.5.

Benign Processes Mimicking Mesothelioma

Some types of benign processes, both inflammatory and neoplastic, 
can mimic mesothelioma histologically. Inflammatory processes that
may mimic or enter into the differential diagnosis of mesothelioma
include chronic fibrous pleuritis, reactive eosinophilic pleuritis, so-
called nodular mesothelial hyperplasia, and pleural inflammation,
which contains numerous foamy macrophages (“xanthomatous pleu-
ritis”). Benign neoplasms or neoplasms of indeterminate malignancy
that may mimic malignant mesothelioma include adenomatoid tumors
and sometimes thymomas.

Chronic pleuritis, when severe, may cause marked diffuse pleural
fibrosis. This entity, termed fibrous pleurisy or chronic fibrous pleuri-
tis, can mimic mesothelioma radiographically. Histologically, biopsies
may show a haphazard growth pattern and focal cytologic atypia of
mesothelial cells, especially in the presence of inflammation. Although
tongues of fibrous tissue may extend into parietal pleural fat, this
extension does not constitute invasion and keratin stains do not
demonstrate invasive growth of mesothelial cells (2).
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Table 37.4. Features favoring malignancy in spindle cell prolifera-
tions involving the pleura
Invasion of the chest wall

Atypical cytokeratin positive cells within fat or skeletal muscle
Frankly sarcomatous areas
Areas of bland necrosis
Distant metastases
Storiform pattern

Table 37.5. Features favoring reactive organizing pleuritis in spindle
cell proliferations involving the pleura
No chest wall invasion
Gradation of cellularity from high (toward pleural cavity or subpleural) to 

low (toward chest wall or lung)
No areas of necrosis within spindle cell proliferation
No distant metastases
Absence of a storiform pattern
Parallel orientation of blood vessels oriented perpendicular to the pleural 

surface



Reactive eosinophilic pleuritis (Fig. 37.4) is a condition originally
described by Askin et al (13), in which there is a pleural inflamma-
tory infiltrate consisting of sheets or nodules containing numerous
eosinophils, reactive mesothelial cells, histiocytes, lymphocytes, and
occasional giant cells (13,14). This reaction is usually an incidental 
histologic finding that often follows pneumothorax, and when exu-
berant, may enter into the histologic differential diagnosis of malignant
mesothelioma. Radiographic findings are often of pneumothorax, but
diffuse pleural thickening or multiple pleural nodules are not present.
Tissue is received in pathology typically after resection of pulmonary
blebs or bullae. Histologically, there is no evidence of invasion. If uncer-
tain, immunohistochemical stains for histiocytic markers (CD45 and
CD68) will highlight the histiocytic cells and confirm the diagnosis.

Nodular mesothelial hyperplasia is a condition first described by
Rosai and Dehner (15) in 1975 as a distinct nodular lesion occurring in
hernia sacs. The authors attributed the lesions to nodular collections 
of reactive mesothelial cells and noted their benign nature despite 
their sometimes worrisome histologic appearance. Chan et al (16) sub-
sequently reported the observation of similar lesions consisting of cel-
lular nodules in two patients in transbronchial biopsies. These lesions
occurred in proximity to strips of mesothelium presumably from bits

562 Chapter 37 Pitfalls in the Diagnosis of Malignant Mesothelioma

Figure 37.4. A,B: Reactive eosinophilic pleuritis. An exuberant inflammatory infiltrate is present along
the pleural surface consisting of numerous eosinophils admixed with histiocytes, lymphocytes, and
occasional multinucleated giant cells.
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Figure 37.5. Nodule of histiocytes along pleural surface. Immunohistochemi-
cal staining for CD68 highlights a nodular aggregate of histiocytes along the
surface of the pleura. (Courtesy of Dr. David Dail.)

of visceral pleura sampled by the biopsy. Ordonez et al (17) also
reported a similar finding in the pleural biopsies from two patients.
Grossly, these are focal nodular lesions usually lacking the diffuse
pleural thickening typical of mesothelioma. Histologically, pleural
nodular mesothelial hyperplasia is characterized by nodules of cohe-
sive polygonal cells with nuclear grooves. The mononuclear cells 
may sometimes contain large intracytoplasmic vacuoles (Fig. 37.5).
Although initially thought to represent collections of mesothelial cells,
positive staining for CD68 in most cells supports a histiocytic reaction
(16,17) and can be used to support the diagnosis.

Occasional pleural biopsies may show sheets of foamy macrophages
that may mimic mesothelioma, metastatic melanoma, or metastatic 
carcinoma. These findings, which we term “xanthomatous pleuritis,”
typically occur in a background of pleural thickening and fibrosis with
variable numbers of admixed lymphocytes, plasma cells, neutrophils,
and eosinophils (Fig. 37.6). Clinically, patients may present with pleural
effusion(s) or sometimes empyema. Positive immunohistochemical
staining for histiocytic markers (CD68) and negative staining for 
cytokeratin confirms the diagnosis in uncertain cases.

Adenomatoid tumors are small tumors often found incidentally
during pelvic surgery in the male or female genital tracts (18,19). They
are considered a form of benign mesothelioma. Four cases have been



564 Chapter 37 Pitfalls in the Diagnosis of Malignant Mesothelioma

Figure 37.6. Xanthomatous pleuritis. Sheets of foamy macrophages in a back-
ground of chronic pleuritis may mimic metastatic carcinoma, metastatic
melanoma, or clear cell mesothelioma.

Figure 37.7. Adenomatoid tumor. A nodular aggregate of irregularly arranged
tubules and glands lined by epithelioid cells.

reported in the pleura consisting of small nodules ranging from 0.5 
to 3.0cm found incidentally during surgery for lung masses (20–22).
Histologically, the tumors consisted of irregularly arranged tubules
and glands lined by epithelioid cells. Individual cells were also present,
sometimes containing cytoplasmic vacuoles (Fig. 37.7). The tumor 
cells stain similarly to mesothelial cells. They stain positively for cyto-
keratin, calretinin, and HBME-1, and negatively for carcinoembryonic



antigen (CEA), BER-EP4, B72.3, and CD15 by immunohistochemistry
(19,22). Ultrastructural examination of one case showed slender
microvilli typical of mesothelial cells (22). Although their histologic fea-
tures overlap somewhat with mesothelioma, the presence of abundant
fibrous stroma and a bland appearance of the cells favor adenomatoid
tumor. In uncertain cases, adenomatoid tumors are usually readily dis-
tinguished from mesotheliomas by their clinical characteristics. Ade-
nomatoid tumors present as a small incidental solitary nodule usually
found during another surgery. Malignant mesothelioma, on the other
hand, presents with diffuse pleural thickening or multifocal pleural
nodules.

Thymoma may occasionally present as a pleural tumor (23,24) either
primary or as secondary involvement from a mediastinal origin. The
diagnosis of primary pleural thymoma requires exclusion of a medi-
astinal mass. Clinically, these patients may be asymptomatic or present
with respiratory difficulty, weight loss, or fever. Chest radiograph may
show a localized mass or diffuse pleural thickening with encasement
of the lung. Nodular thickening with extension along fissures was
noted on one case. While thymomas may resemble mesothelioma clin-
ically, they can usually be distinguished on histologic grounds. Histo-
logically, these lesions are identical to thymomas presenting in the
anterior mediastinum and consist of a variable mixture of lymphocytes
and epithelial cells, subdivided into lobules by broad fibrous bands
(Fig. 37.8). Mesotheliomas, on the other hand, often have an absent or
inconspicuous lymphoid component and lack the lobulations charac-
teristic of thymomas. Tubules or papillary formations are not usually
found in thymoma, but they are typical of mesothelioma. Immunohis-
tochemical staining for cytokeratin and lymphoid markers (especially
CD45 and CD3) highlights the admixed epithelial and lymphoid cells.
Available follow-up suggests a variable course with prolonged survival
in some patients (24).

Metastatic or Primary Malignancies of the Pleura
Mimicking Malignant Mesothelioma

Metastatic or primary malignant processes may mimic mesothe-
lioma clinically, pathologically, or both. Peripheral lung carcinoma
(“pseudomesotheliomatous carcinomas”), indeterminate and malig-
nant vascular neoplasms, primary sarcomas, metastatic melanoma, and
primary pleural lymphomas may be confused with mesothelioma. As
in the preceding discussion, these entities are distinguished by 
integration and consideration of clinical, radiographic, and pathologic 
features.

Peripheral lung carcinomas may sometimes diffusely involve the
pleural surface in a manner similar to that of mesothelioma (25–27).
These patients are typically older men who present with nonspecific
respiratory complaints including dyspnea, cough, and chest pain. A
minority of patients have previous exposure to asbestos. A unilateral
pleural effusion with or without pleural masses is the most common
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abnormality on chest radiograph. Unlike typical forms of lung cancer,
hemoptysis is an uncommon presenting symptom. At thoracotomy, the
pleura is often diffusely thickened or has multiple nodules. Histologi-
cally, these tumors consist of a mixture of glands, nests, papillary struc-
tures, or sheets of malignant cells (Fig. 37.9). Some tumors may have
areas of spindled cells. If a portion of lung is included, foci of sub-
pleural adenocarcinoma may be present (25,26).

Special stains and immunohistochemistry are helpful in the dis-
tinction of pseudomesotheliomatous carcinomas from mesotheliomas.
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Figure 37.8. A,B: Thymoma. Lobular aggregates of lymphocytes and epithelial
cells similar to mediastinal thymomas.
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Unlike mesothelioma, periodic acid-Schiff (PAS)-positive, diastase-
resistant mucin is present in most pseudomesotheliomatous car-
cinomas. This mucin resists hyaluronidase pretreatment. Although
traditionally recognized as “adenocarcinomas,” the 1999 World Health
Organization (WHO) definition of poorly differentiated adenocarci-
noma requiring the presence of at least five mucin-positive cells in two
high-power fields would lead to the reclassification of many of these
tumors as large-cell carcinomas. Positive immunohistochemical stain-
ing for two or more markers recognizing carcinoma such as CEA,
CD15, MOC31, BER-EP4, and B72.3 support the diagnosis (25,26,28).
Markers of mesotheliomas such as calretinin and cytokeratin (CK) 5/6
are typically negative. Expression of thyroid transcription factor-1
(TTF-1) in pseudomesotheliomatous carcinomas may also be helpful in
confirming a pulmonary origin (28–30). The International Mesothe-
lioma Panel and 2003 WHO classification recommend the following
workup as a minimum in the distinction of pseudomesotheliomatous
carcinoma from mesothelioma: two markers of carcinoma (e.g., CEA
and B72.3), two markers of mesothelioma (e.g., calretinin and CK 5/6),
a pancytokeratin, TTF-1, and a mucin stain.

The prognosis of pseudomesotheliomatous carcinoma is as dismal as
that of mesothelioma. Median survival was reported at 8 months.
Attempts at radiotherapy and chemotherapy have been largely 
unsuccessful (26).

Vascular neoplasms on occasion may mimic mesothelioma clinically
and pathologically (31). Epithelioid hemangioendothelioma or epithe-
lioid angiosarcoma may diffusely involve the pleural, peritoneal, or
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Figure 37.9. Pseudomesotheliomatous adenocarcinoma. Peripheral lung 
adenocarcinoma diffusely involving the pleura in a manner similar to 
mesothelioma.



pericardial cavities either primarily or secondarily and present with a
unilateral pleural effusion or diffuse pleural or peritoneal thickening.
Histologically, these tumors are often biphasic consisting of nests of
epithelioid cells with varying amounts of a spindle cell stroma. Other
features of vascular differentiation are present such as intracytoplas-
mic vascular lumina (sometimes containing entrapped erythrocytes),
and microcystic or vascular spaces lined by tumor cells. A tubulopap-
illary pattern reminiscent of mesothelioma may be present (Fig. 37.10).
Greater nuclear atypia should prompt consideration of epithelioid
angiosarcoma (Fig. 37.11). Immunohistochemical stains may help in the
distinction of these tumors from malignant mesothelioma and in the
confirmation of their vascular origin. In Lin et al’s (31) series of 14
patients, immunohistochemical staining for cytokeratin was variable
ranging from weak to moderate. Mesotheliomas, on the other hand, are
typically strongly positive for cytokeratin. Immunohistochemical stain-
ing for factor VIII, CD34, or CD31 help to confirm the interpretation.
The prognosis of these tumors is dismal. Most patients die of their
disease.

Synovial sarcomas are rare tumors that may occasionally present in
the pleura and cause confusion with malignant mesothelioma (32–34).
Distinction of synovial sarcoma from malignant mesothelioma rests on
consideration of clinical, radiographic, and histologic features. Clini-
cally, synovial sarcoma typically occurs in younger patients (average
age 25), grows at a faster rate than mesotheliomas, and appears radio-
graphically as a pleural-based mass that is usually localized and only
rarely is associated with diffuse pleural thickening. Mesothelioma, on
the other hand, typically presents in older patients, grows slowly over
years, and presents radiographically as diffuse pleural thickening or
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Figure 37.10. Epithelioid hemangioendothelioma. Nests of epithelioid cells
with occasional cytoplasmic vacuoles. (Courtesy of Dr. David Dail.)



multiple pleural nodules. Histologically, synovial sarcomas are similar
to their counterparts in soft tissue consisting of a biphasic proliferation
of epithelioid and spindled areas or as a monophasic proliferation of
spindle cells (Fig. 37.12). In contrast to mesothelioma, gland-like spaces
often stain positively for mucin by PAS with diastase or mucicarmine.
Synovial sarcomas are usually weakly positive for pancytokeratin, CK
7, and epithelial membrane antigen (EMA). In contrast to mesothe-
liomas, synovial sarcomas may show staining of the glandular com-
ponent for BER-EP4, but usually lack WT-1 by immunohistochemistry
(35). Calretinin expression should be interpreted with caution as most
biphasic synovial sarcomas have shown variable expression (35). Elec-
tron microscopy also may be useful in difficult cases as features of
mesothelioma such as long, thin, slender microvilli are absent in 
synovial sarcoma (32,33). Finally, fluorescent in situ hybridization 
may identify the characteristic chromosomal translocation t(X;18)
(p11.2;q11.2) and help to confirm the diagnosis (34). Since synovial
sarcoma commonly metastasizes to the lung, a thorough search should
be performed for an extrathoracic primary before accepting the pleura
as the site of origin.

We have also seen rare cases of malignant melanoma metastatic to
the pleura mistaken for malignant mesothelioma. While there may be
overlap in the histologic features of mesothelioma, melanomas are
more likely to show cellular pleomorphism, high mitotic rate, and
nuclear cytoplasmic inclusions. Cytoplasmic melanin pigment can be
highlighted on a Fontana-Masson stain. Negative immunohistochemi-
cal staining for cytokeratin and positive staining for melanoma markers
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Figure 37.11. Angiosarcoma. Irregular anastomosing cords of malignant cells
and associated hemorrhage present within a thickened pleura. (Courtesy of Dr.
David Dail.)



such as HMB-45, S-100, and tyrosinase are helpful in confirming the
diagnosis.

Pleural effusion lymphomas and pyothorax-associated lymphomas
are types of lymphomas that present in the pleura and enter into the dif-
ferential diagnosis of malignant mesothelioma. Pleural effusion lym-
phoma is a recently described entity that occurs as a lymphomatous
effusion involving the pleural, pericardial, or peritoneal space in pa-
tients with advanced AIDS. They usually do not have a clinically appar-
ent mass throughout their course (36–39). Smears from the pleural fluid
show round to ovoid malignant lymphoid cells with large round nuclei.
Occasional cells are pleomorphic with multiple nuclei (Fig. 37.13).
Mitotic figures are numerous. The neoplastic lymphoid cells lack expres-
sion of T- or B-cell antigens on flow cytometry, but do express leukocyte
common antigen (CD45) and activation markers [CD30, CD38, human
leukocyte antigen (HLA)-DR, and CD71]. The malignant cells consis-
tently show immunoglobulin heavy chain gene rearrangements on
Southern blot hybridization. Human herpes virus 8 (HHV8) may be
identified in all cases by polymerase chain reaction (PCR) or Southern
blot analysis (36,38). In most cases, there is co-infection with Epstein-
Barr virus (EBV). Response to chemotherapy in AIDS patients with
pleural effusion lymphomas has been poor. Most patients survive only
several months.

Pleural effusion lymphomas are distinct from pyothorax-associated
lymphomas that arise in the setting of long-standing pleural inflam-
mation in mine workers and after artificial pneumothorax or tuber-
culous pleuritis (40–43). In contrast to pleural effusion lymphomas,
pyothorax-associated lymphomas usually have an associated pleural
mass, and are associated only with EBV but not HHV8 (44). These are
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Figure 37.12. Synovial sarcoma. Biphasic proliferation of malignant epithelioid
and spindled cells.



large B-cell lymphomas, sometimes with a prominent background of 
T cells.

Both pleural effusion lymphomas and pyothorax-associated lym-
phomas are easily distinguished from mesothelioma by immunohisto-
chemical stains. In contrast to mesotheliomas, both of these tumors lack
staining for cytokeratin but express leukocyte common antigen (CD45),
confirming their lymphoid origin.
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Figure 37.13. Pleural effusion lymphoma. Papanicolaou stained (A) and Wright
Giemsa air dried (B) smears of pleural fluid with large malignant lymphoid cells,
some containing multiple nuclei.
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Mesotheliomas as Mimickers of Other Diseases

Mesotheliomas may simulate either inflammatory conditions or 
other neoplasms clinically, histologically, or both. Examples of such
diagnostic dilemmas include “localized mesothelioma” mimicking
adenocarcinoma, desmoplastic mesothelioma simulating sclerosing
mediastinitis, mucin-positive mesothelioma, the distinction of lymph-
ohistiocytoid mesotheliomas from lymphomas, and the distinction of
deciduoid mesothelioma from exuberant decidual reactions. As in prior
discussions, accurate diagnosis relies on integration of the clinical, 
radiographic, and histologic findings.

Rarely, mesotheliomas may present as a solitary localized pleural
mass. This type of presentation may cause confusion as it is much more
typical of adenocarcinomas. Patients with these tumors are often asymp-
tomatic when a solitary extrapulmonary mass is discovered on routine
chest x-ray. Computed tomography (CT) scan confirms the pleural loca-
tion and solitary nature of these masses. Grossly, these tumors are 
sessile or pedunculated ranging up to 10cm in maximum dimension.
Histologically, they are similar to more typical mesotheliomas with
epithelial or spindle cell components. Histochemical, immunohisto-
chemical, and ultrastructural findings are also consistent with a
mesothelial origin. Unlike the typical presentation of mesothelioma,
complete surgical resection may be curative in some cases. Five of six
patients in Crotty et al’s (45) series had long-term tumor-free survival
after surgical excision alone (46).

Crotty et al (47) reported a case of desmoplastic mesothelioma that
simulated sclerosing mediastinitis. Sclerosing mediastinitis is an exu-
berant fibroinflammatory reaction within the mediastinum that typi-
cally occurs as a late sequela of Histoplasma capsulatum infection. The
diagnostic difficulty in this case stems from the unusual presentation
of mesothelioma as a localized mass in the mediastinum rather than as
diffuse pleural thickening or nodularity. Overlap of histologic findings
may also cause confusion as areas of fibrosis are a prominent feature
of both desmoplastic mesothelioma and sclerosing mediastinitis. The
findings of focal frankly sarcomatous foci allowed the final diagnosis
in this case (47). Cytokeratin expression in atypical spindle cells also
supported the interpretation of desmoplastic mesothelioma. Although
reactive subserosal fibroblasts may express cytokeratin (12), the dense
fibrous tissue proliferation deep to the pleural surface in sclerosing
mediastinitis should be keratin negative unless entrapped epithelial
structures such as thymic epithelium are present.

The demonstration of neutral mucin (e.g., by mucicarmine or PAS
with diastase) within a malignant epithelial pleural neoplasm has been
regarded as proof of adenocarcinoma. However, rare cases of mucin-
positive mesothelioma have been reported (48,49). These cases show
mucicarmine and PAS-positive, diastase-resistant staining within 
cytoplasmic vacuoles of malignant cells. This staining is unaffected by
pretreatment with hyaluronidase. The cases reported were similar in
all other respects pathologically to more typical mesotheliomas. Thus,
although rare, neutral mucin may occur in mesotheliomas (48,49).

572 Chapter 37 Pitfalls in the Diagnosis of Malignant Mesothelioma



However, in such cases the diagnosis of mesothelioma should be made
only if all other morphologic, immunohistochemical, and ultrastruc-
tural features are consistent with this interpretation. Electron
microscopy may be particularly helpful in supporting the interpreta-
tion of mesothelioma in these cases.

“Lymphohistiocytoid mesothelioma” is a rare variant of sarcomatoid
mesothelioma that can sometimes be confused with lymphoma. Clini-
cally, patients with these neoplasms present with pleural thickening,
effusion, or nodularity similar to other types of mesotheliomas. Histo-
logically they are characterized by variable numbers of ovoid to
spindle-shaped mesothelial cells that somewhat resemble histiocytes
with a prominent admixed chronic inflammatory infiltrate consisting
of lymphocytes and plasma cells (Fig. 37.14). Although superficially
resembling lymphoma, they are readily distinguished by positive
immunohistochemical staining of the histiocytoid mesothelial cells for
cytokeratin. While background lymphocytes consist predominantly of
mature T cells (CD45+, CD3+), the mesothelial cells lack staining with
lymphoid markers. The mesothelial cells stain positively for cytoker-
atin and calretinin and stain negatively for other markers typically
found in adenocarcinoma such as CEA, BER-EP4, and B72.3 (50,51).

“Deciduoid mesothelioma” is another rare variant of mesothelioma
that may be mistaken for florid decidual reactions. Although initially
reported in the peritoneum of young women (52), similar tumors have
more recently been reported in the pleura in both adult men and
women (53,54). Grossly, these tumors present similar to other mesothe-
liomas as multiple pleural nodules or as a diffuse rind encasing the
underlying lung parenchyma. Histologically, they consist of sheets or
trabeculae of large polygonal or ovoid cells with large vesicular nuclei
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Figure 37.14. Lymphohistiocytoid mesothelioma. “Histiocytoid cells” with a
prominent chronic inflammatory infiltrate superficially resembling lymphoma.
(Courtesy of Dr. Elisabeth Brambilla.)



and prominent nucleoli resembling decidua (Fig. 37.15). Deciduoid
mesotheliomas may be differentiated from deciduoid reactions by their
greater cytologic atypia, greater mitotic activity, and ultrastructural 
features. While staining for cytokeratin in decidual reactions has 
been variably reported as absent or focally positive, deciduoid
mesotheliomas are consistently diffusely strongly positive for cytoker-
atin 5/6. These tumors also stain positively for markers of mesothelial
differentiation (HBME-1 and calretinin) and negatively for markers
expressed by adenocarcinoma (CEA, BER-EP4, and Leu M1) (52–54).

Rare Variants of Mesothelioma with 
Indeterminate Behavior

Well-differentiated papillary mesothelioma is a rare variant of
mesothelioma originally thought to be restricted to the peritoneum, but
more recently reported in the pleura (55,56). This variant is important
to distinguish from the more typical diffuse malignant mesothelioma
because of its generally better prognosis. Patients often present with
dyspnea or recurrent pleural effusions. The effusions may be accom-
panied by nodular pleural thickening or a solitary mass radiographi-
cally. Histologically, the tumors consist of thin fibrovascular papillary
cores lined by a single layer of bland cuboidal to flattened mesothelial
cells. Mitoses are generally absent and invasion into the underlying
pleura is uncommon or focal. The lining cells stain similarly to other
mesothelial cells with positive staining for cytokeratin, HBME-1, and
calretinin and negative staining for markers of adenocarcinoma (CEA,
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Figure 37.15. Deciduoid mesothelioma. Large polygonal cells with abundant
cytoplasm, large vesicular nuclei and prominent nucleoli. (Courtesy of Dr.
David Dail.)



B72.3, and Leu M1). Ultrastructural features are similar to those of other
mesotheliomas with long slender microvilli. Well-differentiated papil-
lary mesotheliomas may be distinguished from the more typical diffuse
malignant mesotheliomas by the diffusely infiltrative nature of the
latter. While initial reports of well-differentiated papillary mesothe-
lioma suggested an entirely benign prognosis, more recent studies have
suggested a variable course, with resolution in some patients and pro-
gression in others. Progression in some patients may be due to the pres-
ence of an unsampled or unrecognized diffusely infiltrative component
(56).

Diagnostic Pitfalls in the Diagnosis of 
Metastatic Mesothelioma

Hyperplastic mesothelial cells may occasionally involve the sinuses of
mediastinal or pelvic lymph nodes and cause confusion with metasta-
tic mesothelioma or carcinoma (57–61). This finding usually occurs in
the setting of a patient with pleural or pericardial inflammation or effu-
sions. Some affected patients have had constrictive pericarditis or coro-
nary artery disease. Histologically, there are small clusters or single
cells within the lymph node sinus. Occasional cases with numerous
cells can occur. Rare cases with cells in extranodal sinuses have also
been reported (57). Individual cells are bland with eosinophilic cyto-
plasm and a central nucleus. While these cases can often be distin-
guished from metastatic carcinoma by immunohistochemical stains,
distinction from metastatic mesothelioma may be more difficult and
often requires careful clinicopathologic correlation (57–61).
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38
Management of Benign Variants 

of Mesothelioma
Raja M. Flores

Benign pleural plaques, solitary fibrous tumors of the pleura, and
malignant pleural mesothelioma are discussed together in this chapter.
Although solitary fibrous tumors are not considered to be of mesothe-
lial origin, the clinical and radiologic presentation of these tumors 
and a spectrum of other pleural-based processes may be quite similar. 
Distinguishing these conditions from diffuse malignant pleural
mesothelioma is critical to ensure proper management (1). It is imper-
ative to obtain the correct histologic diagnosis by surgical (thoraco-
scopic) biopsy—utilizing immunohistochemical staining and electron
microscopy when necessary—because treatment options range from
observation only for pleural plaques, to limited resection for solitary
fibrous lesions, to a major operation such as extrapleural pneumonec-
tomy for diffuse malignant pleural mesothelioma.

Non-neoplastic Lesions of the Pleura

Pleural Plaques

Pleural plaques, which usually result from asbestos exposure, can
present as diffuse thickening of the visceral and parietal pleural layers.
These lesions can vary in appearance from scattered nodular lesions 
on the pleural surface to lesions as wide as 6cm. The coalescence of
pleural surfaces and the propensity for the lower hemithorax can cause
these lesions to be mistaken for diffuse malignant pleural mesothe-
lioma. Plaques are thought to be formed by lymphatic transport 
of asbestos fibers from the visceral to the parietal pleura, with the 
fibers undergoing phagocytosis by macrophages that secrete sub-
stances stimulating submesothelial fibroblasts (2). It is important to
remember that both mesothelioma and pleural plaques may be present
simultaneously.

The distinction between benign pleural plaques and mesothelioma
generally can be made by computed tomography (CT) scan. Pleural 
calcifications are often present in patients with a history of asbestos
exposure, and extensive calcification usually indicates benign pleural
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pathology (3). Pleural plaques also have a relatively smooth contour
with a plateau-like appearance on the pleural surface. By contrast,
malignant mesotheliomas appear more irregular and nodular on CT
scan. In certain cases, positron emission tomography (PET) scan may
distinguish benign from malignant pleural pathology (4). However,
when the diagnosis is uncertain, surgical biopsy should be performed,
preferably by videothoracoscopy (VATS).

Pleural Fibrosis

Pleural fibrosis may result from a variety of diseases, including
rheumatoid arthritis and other connective tissue disorders, sili-
cosis, pneumoconiosis, hypersensitivity pneumonitis, or endometrio-
sis. However, the most frequent cause of pleural fibrosis is bacterial 
pneumonia, especially empyema. It is very difficult to distinguish clin-
ically between exclusive benign pleural fibrosis and desmoplastic
mesothelioma. The pathologic distinction between these two entities
cannot be made by frozen section and requires immunohistochemical
staining or even electron microscopy. Severe reactions to foreign bodies
such as talc, mineral oil, or starch can also give a similar clinical appear-
ance to mesothelioma (1).

Although pleural fluid cytology or percutaneous pleural biopsy 
may demonstrate cells suspicious for mesothelioma, they often fail to
establish a definitive tissue diagnosis. Formal surgical resection via
extrapleural pneumonectomy or pleurectomy/decortication should
not be undertaken until a definitive tissue diagnosis is obtained by
VATS or open pleural biopsy. Only then can appropriate decisions be
made about treatment.

Treatment

Pleural plaques are benign lesions and do not necessarily portend the
development of malignant pleural mesothelioma. However, because of
the association between pleural plaques and prior asbestos exposure, it
is reasonable to keep patients who have plaques under CT scan sur-
veillance. Although there is no standard recommendation for follow-
up, our policy at Memorial Sloan-Kettering Cancer Center is to obtain
CT scans annually. Progressive pleural fibrosis may infrequently require
decortication to improve lung function.

Solitary Fibrous Tumor of the Pleura

These tumors were previously called localized or solitary mesothe-
lioma, pleural fibroma, localized fibrous tumor, submesothelial
fibroma, or localized fibrous mesothelioma. They differ significantly
from diffuse malignant mesothelioma in origin and behavior. Whereas
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diffuse malignant mesothelioma is thought to develop from mesothe-
lial cells, the localized fibrous tumor arises from the submesothelial
connective tissue (5). In contrast to the histologic features of diffuse
malignant pleural mesothelioma, fibrous tumors of the pleura do not
have epithelial features, do not stain for cytokeratins on immuno-
histochemical analysis, and do not have multiple long branching
microvilli on electron microscopy (6).

The etiology of solitary fibrous tumors is unknown and they are not
associated with prior asbestos exposure. They are rare, with approxi-
mately 800 reported cases in the literature. They may occur at any age
(although predominantly during the sixth and seventh decades), are
seen with equal frequency in men and women, and may develop 
anywhere in the chest with no particular affinity for any hemithorax 
or lobe.

Approximately 50% of benign fibrous tumors of the pleura are
asymptomatic and are identified incidentally on routine chest x-ray.
They generally appear as a well-circumscribed, homogeneous lesion
located at the periphery or between fissures on CT scan (Fig. 38.1).
Occasionally, pedunculated lesions may be demonstrated radiograph-
ically and can change position in association with body position and
respiration (Fig. 38.2). Symptomatic patients may present with chest
pain, cough, dyspnea, and fever. Pierre-Marie-Bamberg syndrome 
(pulmonary osteoarthropathy and clubbing) has been described in
approximately 15% of cases and is related to the production of
hyaluronic acid by the tumor (7). Doege-Potter syndrome (refractory
hypoglycemia) has been described in approximately 5% of cases and is
caused by tumor secretions of an insulin-like substance (8). Resolution
of symptoms occurs after tumor resection, and recurrence of symptoms
usually signals tumor recurrence.

Solitary fibrous tumors of the pleura may be either benign or malig-
nant (Table 38.1). Benign fibrous tumors are usually pedunculated,
measure less than 10cm, arise from the visceral pleura, are relatively
acellular, and have few mitotic figures. The average tumor is about 
6cm in size, but may range from subcentimeter to 40cm, and some
have weighed as much as 3kg. In contrast, malignant fibrous tumors
are larger on average and are frequently nonpedunculated tumors that
arise from the parietal, mediastinal, or diaphragmatic pleura. They dis-
play increased cellularity, pleomorphism, and frequent mitotic figures
(Table 38.2).

The distinction between benign and malignant solitary fibrous
tumors is occasionally difficult. The histologic features and the number
of mitotic figures do not necessarily reflect the tumor’s propensity 
to recur because malignant degeneration of benign solitary fibrous
tumors has been reported (9). In fact, benign tumors may recur as 
histologically more malignant tumors years after the initial resection
(10). However, the clinical presentation and benign versus malignant 
histology generally appear to be the best predictors of outcome. A
comprehensive summary of published data on outcome was recently
reported by de Perrot et al (10) (Table 38.3).
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Treatment

The mainstay of treatment for either benign or malignant solitary
fibrous tumors is complete surgical resection. Given the relatively
benign nature of the majority of solitary fibrous tumors, it is important
to recognize them preoperatively in order to plan the operative
approach. Since the average diameter is approximately 6cm, VATS
resection of these lesions is usually possible. Most benign solitary

Figure 38.1. A: Computed tomography (CT) scan of large solitary fibrous
tumor of the pleura. B: Thoracotomy view of solitary fibrous tumor.
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Figure 38.2. A: CT of benign pedunculated solitary fibrous tumor. B: Change
in tumor position with movement and respiration.

Table 38.1. Pathologic features that distinguish benign from malig-
nant localized fibrous tumors of pleura

Benign Malignant
(n = 141) (n = 82)

Feature No. (%) No. (%)

Gross
Pedunculated 73 (52) 21 (26)
Atypical location 67 (48) 55 (67)
Size (>10cm) 34 (24) 45 (55)
Necrosis and hemorrhage 21 (15) 53 (65)

Microscopic
Increased cellularity 18 (13) 62 (76)
Pleomorphism 14 (10) 69 (84)
Mitosis (>4mf/10hpf) 2 (1) 63 (77)

Source: Data from Englund et al (16).

A

B



586 Chapter 38 Management of Benign Variants of Mesothelioma

Ta
b

le
 3

8.
2.

S
u

m
m

ar
y 

of
 r

ep
or

te
d

 f
ea

tu
re

s 
in

 3
60

 c
as

es
 o

f 
so

li
ta

ry
 fi

b
ro

u
s 

tu
m

or
s 

of
 t

h
e 

p
le

u
ra

P
re

va
le

n
ce

 o
f 

V
ar

io
u

s 
S

ym
p

to
m

s 
(%

)
P

le
u

ra
l

C
li

n
ic

al
A

ge
S

ym
p

to
m

at
ic

la
te

ra
li

ty
or

ig
in

B
eh

av
io

r:
N

o.
 o

f
ra

n
ge

p
at

ie
n

ts
C

h
es

t
(r

ig
h

t/
(v

is
ce

ra
l/

(b
en

ig
n

/
Ye

ar
s

p
at

ie
n

ts
(y

)
se

x 
M

/F
(%

 o
f 

to
ta

l)
C

ou
gh

p
ai

n
D

ys
p

n
ea

P
O

Fe
ve

r
O

th
er

le
ft

)
p

ar
ie

ta
l)

le
th

al
)

19
42

–1
97

2
19

0
12

–8
2

84
/1

06
72

39
40

26
47

24
37

61
/6

0
51

/2
8

14
7/

20
(m

ea
n

 5
0)

19
73

–1
98

0
17

0
5–

87
81

/8
9

54
54

51
49

22
25

25
78

/6
8

90
/2

3
14

2/
18

(m
ea

n
 5

3)

To
ta

l
36

0
5–

87
16

5/
19

5
64

46
44

37
35

24
32

13
9/

12
8

14
1/

51
28

9/
38

(m
ea

n
 5

1)
PO

, P
ul

m
on

ar
y 

os
te

oa
rt

hr
op

at
hy

.
So

ur
ce

:
D

at
a 

fr
om

 B
ri

se
lli

 e
t 

al
 (

5)
.



fibrous tumors of the pleura arise as pedunculated masses from the 
visceral pleura and can be removed by simple wedge resection of 
the underlying pulmonary parenchyma (Figs. 38.3 and 38.4). It is
important to resect the tumor completely, including the stalk, to
prevent local recurrence. If there is any doubt about residual tumor or
of an inadequate resection by VATS, then a standard thoracotomy
should be performed to complete the resection.

In addition, a thorough exploration of the entire pleural cavity,
including the pleural, pericardial, and diaphragmatic surfaces, is 
essential because contact metastasis to adjacent structures has been
described (11). Based on a review of the literature, de Perrot et al (10)
constructed an algorithm of recurrence risk based on clinical presenta-
tion and benign versus malignant histology (Fig. 38.5). The recurrence
rate is highest after resection of malignant sessile solitary fibrous
tumors. Although most recurrences occur locally within the hemitho-
rax, extrathoracic metastasis has also been described (9,12).

An extensive surgical resection should be performed when treating
primary tumors that are adherent to surrounding structures and local
recurrences as well. En bloc chest wall, pericardial, or diaphragmatic
resection is warranted when lesions are adherent to these areas. Lobec-
tomy, pneumonectomy, or even extrapleural pneumonectomy may be
required in some cases, especially in cases of recurrent malignant
fibrous tumor of the pleura (Fig. 38.4).
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Table 38.3. Summary of recent publications on solitary fibrous
tumors of pleura (SFTP)*

Malignant Malignant Benign Benign
sessile pedunculated sessile pedunculated

Total number 43 15 62 65
of patients

Number of 16 (37%) 13 (87%) 57 (92%) 64 (98%)
patients alive
without
recurrence

Number of 14 (33%) 1 (7%) 4 (6%) —
patients alive
with at least
one recurrence

Number of 13 (30%) 1 (7%) 1 (2%) 1 (2%)
deaths related
to the tumor

<24 months 10 1 — —

>24 months 3 — 1 1
* Includes all series reporting adequate follow-up for patients with a diagnosis of SFTP
proven by histology and immunohistochemistry.
Source: Data from dePerrot et al (14), with permission.



The role of adjuvant therapy is unclear. There have been anecdotal
reports of resection followed by radiotherapy (7,12) and chemotherapy
(13). We have successfully used postoperative high-dose (54Gy) hemi-
thoracic radiation after pneumonectomy or extrapleural pneumonec-
tomy for recurrent malignant fibrous tumors to decrease the risk of
local recurrence.
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Figure 38.3. A: Thoracoscopic view of malignant fibrous tumor. B: Thoraco-
scopic resection of malignant fibrous tumor, note stalk.
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Figure 38.4. A: Malignant fibrous tumor recurrent after resection of benign
fibrous tumor at 2-year follow-up. B: Extrapleural pneumonectomy with adju-
vant high-dose hemithoracic radiation for recurrent malignant fibrous tumor.
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Other Less Common Tumors of the Pleura

Other primary tumors of the pleura are exceedingly rare and include
lipomas, endotheliomas, angiomas, angiosarcomas, and cysts. Neuro-
genic sarcoma, synovial sarcoma, fibrosarcoma, and malignant fibrous
histiocytoma may be mistakenly diagnosed as solitary fibrous tumors
because of the dense spindle cell proliferation (14). The majority of
these are thought to arise from the subpleural tissues rather than from
the pleura itself. Lipomas are the most common among these rare
tumors, and a review of 7751 CT examinations of the chest found
pleural lipomas to be present incidentally in 0.14% of cases (15).
Lipomas have a characteristic appearance on chest radiograph and
usually present as a smooth, well-defined mass flattened against the
chest wall. Pleural cysts usually arise at the pleuropericardial angle and
are seen on x-ray as discrete unilocular masses. In the past, these
uncommon tumors have been surgically excised for diagnosis rather
than symptoms. However, if a definitive diagnosis can be made based
on CT scan characteristics, such lesions may be observed rather than
resected.
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Primary or recurrent
localized pleural tumor

Complete surgical resection

Benign pedunculated
SFTP

Benign sessile 
SFTP

Malignant sessile 
SFTP

Malignant pedunculated
SFTP

Risk of recurrence or
new primary <2%

Risk of recurrence
<8%

Risk of recurrence
14%

Risk of recurrence
63%

No adjuvant therapy No adjuvant therapy No adjuvant therapy Consider adjuvant
therapy, particularly
if recurrent tumor

Yearly radiologic
control

Follow-up with
half-yearly radiologic

control for 2 years
and yearly thereafter

Follow-up with
half-yearly radiologic

control for 2 years
and yearly thereafter

Follow-up with
half-yearly radiologic

control for 2 years
and yearly thereafter

Figure 38.5. Treatment plan and follow-up according to the type of solitary fibrous tumor of the pleura
(SFTP). Source: Data from dePerrot et al (14), with permission.



Summary

The distinction between benign pleural plaques and malignancy 
can usually be made by simple radiographic findings. When there is
uncertainty, surgical biopsy, preferably by a VATS approach, should be
performed. Biopsy should be performed separately from the definitive
resection because immunohistochemistry and electron microscopy are
usually required to distinguish benign pleural lesions from diffuse
malignant pleural mesothelioma.

Benign or malignant solitary fibrous tumors, when pedunculated
and free of adjacent structures, may be easily treated by VATS surgical
excision. Careful evaluation of adjacent structures and the entire
pleural cavity is essential to minimize the risk of recurrence. All 
solitary fibrous tumors, regardless of a benign or malignant histology,
must be approached with caution because of the risk of local recur-
rence. The initial treatment of choice for solitary fibrous tumors or
pleural tumors mimicking this lesion is en bloc surgical resection.
Patients should be followed closely postoperatively and recurrences
managed by extensive surgical resection with or without adjuvant 
radiation.
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39
First-Line Chemotherapy for

Malignant Pleural Mesothelioma
Pasi A. Jänne

The Impact of Systemic Chemotherapy

The true impact of systemic chemotherapy in mesothelioma has been
difficult to evaluate because of the rarity of the disease, the paucity of
randomized studies, the lack of uniform staging, heterogeneity within
the pathologic subclasses of mesothelioma, the imbalance of prognos-
tic factors, and the difficulties in assessing response to therapy using
computed tomography (CT) and other radiographic imaging modali-
ties. It presently is not clear whether chemotherapy prolongs survival
in patients with mesothelioma compared to supportive care alone.

The natural history of mesothelioma can be variable and thus bene-
fits seen in clinical trials may be biased by patient selection. Some
attempts to define the natural history of mesothelioma have been
made. Merritt and colleagues examined 101 patients who were not can-
didates for aggressive surgical therapy between 1987 and 1999. Seventy
of these patients received a pleurodesis, 30 had palliative radiation for
chest pain, and 9 received chemotherapy as a radiation sensitizer. The
median survival in this group of patients was 7 months [213 days; 95%
confidence interval (CI), 137–289 days]. Unfortunately, staging infor-
mation is not available in these patients. A retrospective review of 332
patients with mesothelioma from Canada from 1965 to 1984, identified
176 patients who were treated with palliative care alone without any
surgery, chemotherapy, or radiation therapy (1). In this group of pa-
tients the media survival was 6.8 months. Although neither of these
studies was randomized, they do provide some data on the natural
history of the disease in the absence of aggressive surgery or systemic
chemotherapy. In contrast, the median survival of 337 patients in 11
mesothelioma clinical trials conducted by the Cancer and Leukemia
Group B (CALGB) between 1984 and 1994 was also only 7 months 
(2).

To date no randomized studies have been performed using sup-
portive care alone as a control arm. The British Thoracic Society and
the British Medical Research Council are conducting the first such 
randomized study (Fig. 39.1) (3). In this study, patients with malignant
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mesothelioma will be randomized to receive best supportive care (BSC)
alone, BSC and four cycles of mitomycin, vinblastine, and cisplatin
(MVP), or BSC and 12 cycles of vinorelbine. The choice of the chemo-
therapy arms is based on prior phase II studies that demonstrated an
improvement in quality of life in patients receiving these chemother-
apy regimens (4,5). This randomized study will assess the impact of
chemotherapy not only on overall survival but also on patient’s quality
of life, which will be assessed by either the European Organization for
Research and Treatment of Cancer (EORTC) Quality of Life Question-
naire (QLQ) C30 and LC13 or the Functional Assessment of Cancer
Therapy–Lung (FACT-L) questionnaire (6). The sample size for this
study is 840 patients (280 per arm) with a 90% power at a significance
level of .05 to detect a median survival difference of 3 months (9 vs. 12
months) in patients receiving chemotherapy (3). The estimated accrual
time is 4 years and preliminary data suggest that this design is feasi-
ble (7). This is a very important study, and it should provide definitive
data on the benefits of chemotherapy and on survival and quality of
life for patients with malignant mesothelioma. Unfortunately, the trial
is experiencing accrual difficulties.

Evaluating the Impact of Chemotherapy

The evaluation of the impact of therapy is also challenging in mesothe-
lioma. In addition to survival analyses, the main methods of eval-
uating the benefits of chemotherapy include radiographic tumor
assessment, and evaluations of symptom control and improvements in
the quality of life. Radiographic assessment, even by CT, of the pleural
rind is sometimes difficult, especially when the tumor rind is accom-
panied by a pleural effusion or when the rind thickness is less than 
1cm.
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Figure 39.1. Phase III trial evaluating the role of chemotherapy in the treat-
ment of mesothelioma. MVP, mitomycin, vinblastine, cisplatin; Vin, vinorel-
bine; QOL, quality of life.



Patients with pleural mesothelioma are also often symptomatic. They
present with chest pain, shortness of breath, dyspnea, weight loss, and
night sweats, among other symptoms. The impact of chemotherapy 
on the symptoms of mesothelioma is poorly characterized. Very few
studies exist in which quality of life has been evaluated as a result of
chemotherapy. Steele and colleagues (4) performed a phase II study
using vinorelbine in patients with chemotherapy-naive malignant
mesothelioma. This study also used the Rotterdam Symptom Check-
list to assess quality of life. The partial radiographic response rate was
24%, but 48% of patients reported improvements in respiratory symp-
toms and 76% in psychosocial functioning. Importantly, quality of life
improvements were not limited to patients achieving radiographic ben-
efits but were also observed in patients without radiographic tumor
regression.

Nowak and colleagues (8) performed a phase II multicenter study of
cisplatin/gemcitabine in chemotherapy-naive patients with mesothe-
lioma. The partial response rate to therapy was 17% (Table 39.1).
Quality of life was assessed by the EORTC QLQ-C30 questionnaire and
pulmonary function was assessed by measuring forced vital capacity
(FVC) and forced expiratory volume in 1 second (FEV1) (6). In patients
who responded to chemotherapy there was a significant change in 
FVC over baseline (p = .002). There was no change in nonrespond-
ing patients. Patients who had stable disease as their best response 
to therapy were not examined as a separate group. Similarly, quality 
of life improved significantly in the responding compared to nonre-
sponding (partial response and stable disease) patients (p = .006).
Quality of life was also assessed in the phase III trial of cisplatin/peme-
trexed versus cisplatin using a modified Lung Cancer Symptom Scale
(LCSS) for patients with mesothelioma (9,10). Significant improve-
ments in quality of life were seen as early as week 12 in cough, dyspnea,
and pain, favoring those who received cisplatin/pemetrexed (10). By
week 18 all measures of quality of life were statistically significant in
favor of patients who received cisplatin/pemetrexed. This study also
examined changes in vital capacity during chemotherapy treatment
(11). There was a statistically significant improvement in vital capacity
(p = .034 at cycle 4 and p = .002 at cycle 6) favoring patients receiv-
ing cisplatin/pemetrexed (12). Changes in pulmonary function tests
(PFTs), slow vital capacity (SVC), FVC, and FEV1 were also examined
in relationship to radiographic response to chemotherapy (13). Patients
who achieved a radiographic response to chemotherapy had a signifi-
cant improvement in PFTs when compared to those with disease 
progression. However, patients with stable disease as their best 
radiographic response also had a statistically significant improvement
in SVC, FVC, and FEV1 compared to patients with disease progression
(13). These studies underscore the importance of including the assess-
ments of quality of life and pulmonary function, in addition to survival
end points, in future chemotherapy studies of mesothelioma. Addi-
tional studies should also help confirm whether quality of life benefits
are limited to just those with radiographic regressions or are also ob-
served in patients with stable disease as a result of treatment.
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Single-Agent Chemotherapy

Virtually every chemotherapy agent has been evaluated in patients
with mesothelioma. The response rates to single-agent therapy have
been variable, and only a few agents have demonstrated consistent
response rates of 10% to 20%. The most efficacious single chemother-
apy agents for mesothelioma are the anthracyclines, the antimetabo-
lites, and the platinum analogues (Table 39.2). Agents with little to no
antitumor activity include the taxanes, topoisomerase inhibitors, and
vinca alkaloids apart from vinorelbine (14–18).

Of the anthracyclines, doxorubicin was one of the first agents to 
be tested in mesothelioma. The Eastern Cooperative Oncology Group
(ECOG) performed a retrospective review of its experience with 
doxorubicin and chemotherapy regimens containing doxorubicin. The
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Table 39.1. Combination chemotherapy studies in mesothelioma
Median

No. of Response rate survival 
Agent(s) patients (95% CI) (95% CI) Reference

Anthracycline based
Doxorubicin/Ifosfamide 24 32% (13–51%) 7 (NA) 57.
Doxorubicin/Ifosfamide 17 13% (2–38%) 7.8 (NA) 58.
Doxorubicin/cisplatin/cylophosphamide 23 30% (19–36%) 13.8 (NA) 59.
Doxorubicin/5azacytidine 36 22% (NA) 13 (NA) 60.
Doxorubicin/cisplatin/mitomycin c 24 21% (7–42%) NA 61.
Doxorubicin/cyclophosphamide 36 11% (6–21%) 6.7 (NA) 62.
Doxorubicin/cylophosphamide/DTIC 40 13% (6–21%) 5.5 (NA) 62.
Doxorubicin/IFN a 25 16% (8–30%) 11 (3–19) 63.

Platinum based
Cisplatin/DHAC 36 14% (5–36%) 6.4 (4.3–10.1) 64.
Cisplatin/irinotecan 15 27% (8–55%) 6.5 (NA) 65.
Cisplatin/vinblastine 20 25% (NA) NA 66.
Cisplatin/doxorubicin 35 14% (5–30%) 8.8 (NA) 67.
Cisplatin/doxorubicin 26 25% (10–47%) 10 (NA) 68.
Cisplatin/doxorubicin/IFN a 37 29% (15–47%) 9.3 (NA) 69.
Cisplatin/mitomycin c 35 26% (12–43%) 7.7 (NA) 67.
Cisplatin/etoposide 27 12% (NA) NA 70.
Cisplatin/mitomycin c/IFN a 20 10% (NA) 15 (NA) 71.
Cisplatin/mitomycin c/IFN a 43 23% (11–36%) 11.5 (10.2–12.8) 72.
Cisplatin/IFN a 26 36% (20–60%) 12 (NA) 73.
Cisplatin/IFN a 30 27% (NA) NA 74.
Cisplatin/mitomycin c/etoposide/5FU 45 38% (24–53%) 16 (9.8–21.5) 75.
Cisplatin/mitomycin c/vinblastine 39 20% (NA) 6 (NA) 55.
Cisplatin/gemcitabine 21 48% (26–69%) 9.5 (NA) 29.
Cisplatin/gemcitabine 53 33% (20–46%) 11.2 (NA) 88.
Cisplatin/gemcitabine 32 16% (1–31%) 9.6 (8–12) 30.
Carboplatin/gemcitabine 50 26% (15–40%) 15.2 (NA) 31.
Cisplatin/paclitaxel 18 6% (0–24%) 12 (NA) 76.
Carboplatin/IFNa 15 7% (0–20%) 5.8 (NA) 77.
Carboplatin/pemetrexed 27 32% (NA) 14.8 (NA) 78.
Oxaliplatin/raltitrexed 55 20% (11–31%) 7.2 (5.3–9.2) 79.
Oxaliplatin/vinorelbine 17 12% (NA) NA 80.
Oxaliplatin/gemcitabine 25 40% (21–61%) 13 (NA) 81.
CI, confidence interval; NA, not available; DTIC, dimethyltriazeno imidazole carboxamide; 5-FU, 5-fluorouracil;
IFN, interferon; DHAC, dihydro-azacytidine.



response rate was 14%, including two complete responses, with a
median survival of 7.5 months (19). However, subsequent studies failed
to demonstrate similar antitumor activity of doxorubicin (20). Ana-
logues of doxorubicin and liposomal formulations have also been
examined and to date, appear to offer no additional benefit (Table 39.2).
The response rates and median survivals have been quite variable,
ranging from 0 to 43% and 4.4 to 17 months, respectively (Table 39.2).
The largest single study of doxorubicin to date was a phase III trial
comparing doxorubicin to ranpirnase (Onconase; Alfacell Corp.,
Bloomfield, NJ), an antitumor ribonuclease, in patients with mesothe-
lioma (Table 39.3). Preliminary findings from the study have been pre-
sented; in the intention-to-treat population, the median survival for
patients who received doxorubicin was 8.2 months (21). Single-agent
cisplatin and carboplatin have also been investigated in at least four
studies. The response rates are low (but consistent at 7% to 16%) and
the median survivals range from 5 to 8 months. Cisplatin was the ref-
erence arm of the phase III trial comparing cisplatin to cisplatin/peme-
trexed (Table 39.3) (12). In that study the median survival of patients
treated on the cisplatin arm was 9.3 months (12). Thus for single-agent
doxorubicin and cisplatin, these two phase III studies establish a bench-
mark with a median survival range of 8 to 9 months. A meta-analysis
of 83 clinical studies of chemotherapy in the treatment of mesothe-
lioma, conducted between 1983 and 2001, has also recently been per-
formed (22). Cisplatin was identified as the most active single-agent
treatment with response rate of 23.2% (95% CI, 19.7–26.8%) for 
cisplatin-containing regimens compared with 11.6 % (95% CI, 10–
13.3%; p < .001) for non-cisplatin-containing regimens. Cisplatin is also
the reference arm of an ongoing phase III trial comparing cisplatin to
the combination of cisplatin and raltitrexed.

The other class of agents with consistent antitumor activity are the
antimetabolites including the antifolates and nucleoside analogues
(Table 39.2). The response rates range from 5% to 37% (apart from one
study of gemcitabine with a 0% response rate) and the median sur-
vivals also range from 4.7 to 11 months (Table 39.2). The antifolates
appear to be one of the most active group of agents in the treatment of
mesothelioma (Table 39.2). The mechanism(s) behind these observa-
tions have not been completely elucidated. Antifolates can be trans-
ported into tumor cells through the alpha folate receptor, the reduced
folate carrier, and via a newly identified pemetrexed transporter
(23–25). This latter transporter, yet to be identified, is a high-affinity
and specific pemetrexed transport mechanism found on mesothelioma
cell lines. Future studies need to be performed to further characterize
this mechanism, but these observations may in part explain the sensi-
tivity of mesotheliomas to pemetrexed. An alternative, although not
mutually exclusive, hypothesis is the presence of a common genetic
deletion in mesotheliomas. A homozygous deletion of 5¢-deoxy-5¢-
methylthioadenosine phosphorylase (MTAP) located on chromosome
9p21 has been observed in approximately 70% of mesotheliomas.26

Tumor cell lines that are MTAP deficient are more dependent on de novo
purine biosynthesis and in vitro more sensitive to the effects of antifo-
lates compared to those containing a wild type MTAP gene.27,28 Thus
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Table 39.2. Selected single agent chemotherapy studies in mesothelioma
No. of Response rate Median survival

Agent patients (95% CI) (95% CI) Reference

Anthracyclines
Doxorubicin 15 0% NA 20.
Mitoxantrone 46 2.5% (0–13%) 4.4 (NA) 32.
Mitoxantrone 30 7% (NA) NA 33.
Epirubicin 63 15% (6.1–27.8%) 9.2 (NA) 34.
Epirubicin 23 5% (NA) 7.5 (NA) 35.
Pirarubicin 35 8.6% (NA) 10 (NA) 36.
Detorubicin 35 43% (NA) 17 (NA) 37.
Menogaril 22 5% (0–23%) NA 38.
Liposomal doxorubicin 32 6% (0–20%) 13 (NA) 39.
Liposomal doxorubicin 24 0% 8.5 (NA) 40.
Liposomal daunorubicin 11 0% 6.1 (NA) 41.

Platinums
Cisplatin 25 13% (4–31%) 5 (NA) 42.
Cisplatin 35 14% (NA) 7.5 (NA) 43.
Carboplatin 31 16% (5.4–34%) 8 (NA) 44.
Carboplatin 41 7% (2–21%) 7.1 (NA) 45.

Antimetabolites-Antifolates
Methotrexate 63 37% (NA) 11 (NA) 46.
Trimetrexate 17 12% (2–33%) 5.0 (1.9–9.6) 47.
Trimetrexate 34 12% (7–29%) 8.9 (6.5–13.8) 47.
Edatrexate 20 25% (9–49%) 9.6 (NA) 48.
Edatrexate + leucovorin 40 16% (6–31%) 6.6 (NA) 48.
Di-Deazafolic acid 18 5% (0.1–27.3%) NA 49.
5-Fluorouracil 20 5% (NA) 5 (NA) 50.
5-dihydro azacytadine 41 17% (7–32%) 6.7 (5.0–9.6) 51.
Raltitrexed 24 21% (7–42%) 7 (5.5–18.7) 52.
Pemetrexed 64 14% (7–25%) 10.7 (7.7–14.5) 53.

Antimetabolites-Others
Gemcitabine 17 0% 4.7 (3.1–12.9) 54.
Gemcitabine 27 7% (1–24%) 8 (5–12) 55.
Gemcitabine 16 31% (NA) NA 56.

Others
Vinorelbine 29 24% (10–44%) 10.6 (NA) 44.

Table 39.3. Phase III studies in malignant mesothelioma
No. of Response Median 

Agent(s) patients rate survival Reference

Ranpirnase 84 NA 7.7 (NA) 21
Doxorubicin 70 NA 8.2 (NA)
Cisplatin 228 17% (NA) 9.3 (NA) 12
Cisplatin/pemetrexed 228 41% (NA) 12.1 (NA)*
* p < .05.



mesotheliomas containing homozygous MTAP deletions may be more
sensitive to antifolates. This hypothesis needs to be validated in clini-
cal studies of antifolates.

Combination Chemotherapy

Many combination chemotherapy studies have been performed, but
only a few have evaluated the benefits of combination chemotherapy
compared to single-agent chemotherapy. The two most common com-
binations include either doxorubicin or platinum (cisplatin, carbo-
platin, and oxaliplatin) (Table 39.1). In general, the response rates 
are higher for both doxorubicin- (11–32% for combination vs. 0–14% 
for single-agent) and platinum- (6–48% for combination vs. 7–16% 
for single-agents) containing combinations than those observed with
single-agent therapy (Tables 39.1 and 39.2). However, the median 
survivals are not clearly superior for the combination studies. A
meta-analysis evaluating chemotherapy for malignant mesothelioma
demonstrated that combinations containing both cisplatin and dox-
orubicin were associated with the highest response rate (28.5%; 95% CI,
21.3–35.7%) (22). In this same analysis combination studies were asso-
ciated with a significantly better response rate compared to single-
agent studies (22.6% vs. 11.6%; p < .001) (22).

The combination of cisplatin or carboplatin and gemcitabine is com-
monly used in the treatment of patients with malignant mesothelioma.
Three phase II studies of cisplatin/gemcitabine have been published 
to date (Table 39.1). Two of the studies examined giving cisplatin 
100mg/m2 on day 1 with gemcitabine at 1000mg/m2 on days 1, 8, and
15 of a 28-day cycle (8,26). With this schedule, the day 15 gemcitabine
dose was reduced or omitted in 58% (126/219) of patients with a mean 
relative dose intensity of 75% (8). The response rates and median 
survivals in these studies were 48% and 9.5 months and 33% and 11.2
months, respectively (Table 39.1) (8,26). The study by van Haarst and
colleagues (27) used a 21-day schedule with cisplatin 80mg/m2 on day
1 and gemcitabine 1250mg/m2 on days 1 and 8. Most patients received
their planned chemotherapy and mean relative dose intensity of gem-
citabine was 94%. The response rate was slightly lower with this sched-
ule (16%), but the median survival was comparable (9.6 months; Table
39.1). A single study of carboplatin/gemcitabine has also been per-
formed (28). In this study, 50 patients were treated with carboplatin
[area under the curve (AUC) = 5] on day 1 and gemcitabine 1000mg/m2

on days 1, 8, and 15. Similar to the 28-day cisplatin/gemcitabine com-
bination schedules, the day 15 gemcitabine was reduced or omitted in
44% of patients. The response rate and median survival in this study
were 26% (95% CI, 15–40%) and 15.2 months, respectively. These
studies demonstrate consistent antitumor activity of the cisplatin/
carboplatin and gemcitabine combinations and hence, represent a 
combination chemotherapy option for patients with mesothelioma.
Other platinum-based phase II studies, including oxaliplatin-based
combination studies, have also been performed (Table 39.1). Non–
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platinum-based combination chemotherapy regimens, including 
gemcitabine and pemetrexed, are presently being evaluated.

The largest combination chemotherapy study to date in mesothe-
lioma is the phase III study comparing single-agent cisplatin to the
combination of cisplatin and pemetrexed (Table 39.3) (11). This study,
representing the first large randomized study comparing combination
chemotherapy to single-agent therapy, randomized 456 patients, 228 to
receive either cisplatin or cisplatin/pemetrexed, with survival as the
primary end point. Patients receiving the combination of cisplatin/
pemetrexed had both a better response rate (41% vs. 17%) and median
survival [12.1 vs. 9.3; p < .020; log rank (Fig. 39.2)] (11). The combina-
tion was also associated with better lung function and subjective
quality of life. This study establishes the superiority of the benefits of
combination cisplatin-based chemotherapy compared to cisplatin
alone. A similar phase III study comparing cisplatin to cisplatin and
raltitrexed is ongoing.

There are many active combination chemotherapy regimens. It is not
clear at this time whether one is superior to the other, and definitive
proof would require additional phase III studies. However, given the
limited numbers of patients with mesothelioma and the potential small
incremental benefits in survival such results might yield (compare, 
for example, the many phase III studies of doublet chemotherapies 
in non–small-cell lung cancer), such studies should be avoided. The
choice of chemotherapy regimens for the treating oncologist and the
patient with mesothelioma will ultimately depend on the availabil-
ity of the drugs, their side-effect profiles, cost, and convenience of 
administration.
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Figure 39.2. Kaplan-Meier estimates of overall survival for all patients treated
with cisplatin/pemetrexed vs. cisplatin alone.



Conclusions and Future Directions

Progress has been made in the treatment of mesothelioma with chemo-
therapy and mesothelioma is no longer a chemotherapy-resistant
disease. Anthracyclines, platinum agents, and antimetabolites have
demonstrated consistent, albeit low level, single-agent antitumor activ-
ity. Combination platinum-based chemotherapies are associated with
a higher response rate and are commonly used in clinical practice.
However, questions remain unanswered, including the survival bene-
fits of chemotherapy. The rarity of the disease has limited the size 
of many of the clinical trials, and only one phase III clinical trial has
been completed. The combination of cisplatin and pemetrexed is likely
to set a new standard for chemotherapy in mesothelioma. Efforts
should now focus on combination studies (such as with a molecular
agent) with cisplatin/pemetrexed, integration of active chemotherapy
combinations into multimodality approaches, use of novel therapeutic
agents such as receptor tyrosine kinase inhibitors, and second-line
studies.

Summary

Most patients with malignant mesothelioma are candidates for sys-
temic chemotherapy during the course of their disease, but no standard
regimen has been established. Several phase II single-agent and com-
bination chemotherapy studies have been performed over the past two
decades. Although the true impact of chemotherapy in mesothelioma
remains to be determined, agents with consistent antitumor activity
include the platinum agents and the antifolates. Phase II studies of
combination chemotherapy are associated with higher response rates
but not necessarily longer median survivals. Recent data from a 
large randomized phase III clinical trial established the superiority of
cisplatin/pemetrexed compared to cisplatin alone. Data from this 
and other ongoing studies will help establish standard chemotherapy
regimens for mesothelioma and provide a basis for combination studies
with molecular agents and incorporation of these regimens into multi-
modality treatment approaches.
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40
Second-Line Chemotherapy

Nick Pavlakis and Nicholas J. Vogelzang

Chemotherapy trials for malignant pleural mesothelioma have almost
exclusively focused on chemotherapy-naive patients. Until 2000, the 
literature generally consisted of a plethora of phase II studies (1,2) in
which interpretation of efficacy has been hampered by small sample
size and heterogeneity in reporting of response outcomes. A recent sys-
tematic review of this literature indicated the most active single agent
to be cisplatin (3).

In 2002 the report of the pivotal randomized phase III trial (peme-
trexed and cisplatin compared with cisplatin alone), the largest clinical
study in mesothelioma to date (n = 456), confirmed an improvement in
response rate, survival, quality of life, and lung function for this com-
bination in the first-line setting (4). After setting a new standard of care
for first-line therapy and confirming the value of palliative chemother-
apy in malignant pleural mesothelioma, clinical research questions 
can now focus on second-line chemotherapy, previously not worthy of
investigation. Indeed clinical trials in this patient population are rare.
Recently, however, a dedicated second-line phase II study has been
published, confirming the feasibility of conducting clinical trials in 
this setting (5). Furthermore, the literature, which contains anecdotal
reports and a number of phase II studies that specifically allowed entry
of patients with prior chemotherapy, suggests the potential efficacy 
of second-line chemotherapy (6,7). Last, Manegold et al (8) recently
reported that post-study (second-line) chemotherapy in the above-
mentioned phase III trial, usually with gemcitabine or doxorubicin,
was identified as a significant predictor of extended survival (p < .01).
This finding could not be explained by a retrospective analysis of pa-
tient risk factors by Cox Multiple Regression analysis (8). This chapter
reviews the use of second-line chemotherapy for malignant pleural
mesothelioma and suggests future directions for clinical care and re-
search activity in this area.
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Review of the Literature

There have been at least 16 studies or reports published that describe
the inclusion of patients with malignant mesothelioma treated in the
second-line setting (Table 40.1). Only one of these, Giaccone et al (5), is
a dedicated phase II study focusing solely on a second-line population.
In most series, about 30% of patients were pretreated. While the inclu-
sion of pretreated patients in clinical studies commenced as early as
1983, the efficacy reports of second-line treatment can only be con-
sidered as anecdotal given the small number of patients included.
Nonetheless, one can see that responses were consistently observed
(Table 40.2), the most notable being of responses with carboplatin in
the 1980s (9,10). Subsequently, with the emergence of new active agents
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Table 40.1. Studies or reports of second-line chemotherapy in pretreated patients with
malignant mesothelioma

Percent
No. of receiving
second-line second-line

Drug(s) Study design n patients therapy Reference

Gemcitabine, Report of outcome 456 82 in 38–48 8
vinorelbine, of post-study pemetrexed 
doxorubicin, chemotherapy in and cisplatin 
and others phase III study of arm; 104 in 

Pemetrexed (Pem) cisplatin arm
and cisplatin (cis) v 
cis

Raltitrexed and Phase II, two centers 70 15 21 7
oxaliplatin
ZD0473 Phase II, multicenter 47 47 100 5
Ranpirnase Phase II, multicenter 105 39 37 16
Doxil Phase II, single center 15 5 33 19
Raltitrexed and Phase I, with expanded 17 10 59 8
oxaliplatin mesothelioma cohort
Doxil Phase II 24 12 50 20
Cisplatin and Letter NA 3 100 6
gemcitabine
Cisplatin, 5-FU, Phase II 45 10 22 21
leucovorin,
mitomycin-C,
etoposide
Ifosfamide Phase II, multicenter 30 8 27 22
Carboplatin Phase II, two centers 31 5 16 10
Diaziquone Phase II 20 4 20 23
Carboplatin Phase II 17 3 18 24
Carboplatin Phase II 16 6 37 9
Cisplatin Phase II 25 7 28 25
Vindesine Phase II 20 6 30 26
5-FU, 5-fluorouracil; NA, not available.



and drug combinations, the total number of patients reported as
demonstrating drug activity in the second-line setting has increased.

The gemcitabine/cisplatin regimen is one such combination that has
emerged as an active first-line therapy with reported response rates of
31% to 48%, with associated improvement in lung function and global
quality of life, and a surprisingly low (<10%) progressive disease rate
during the study treatment (11,12). The first report of potential second-
line activity of the new cisplatin/gemcitabine regimen was in three
patients previously treated within a randomized trial comparing the
amphibian ribonuclease Onconase (Ranpirnase), to doxorubicin (6). 
All three patients had failed prior doxorubicin and were treated with
cisplatin and gemcitabine. One patient demonstrated “radiological
regression” of tumor and symptomatic improvement, while another
obtained pain relief after commencement of chemotherapy. No sub-
sequent trials of the gemcitabine/cisplatin as second-line therapy have
been reported.
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Table 40.2. Summary of reported clinical/efficacy outcomes in second-line treated patients
(the outcomes reported are from the studies listed in Table 40.1)

No. Type of prior Median
Drug(s) treated chemotherapy Response Median TTP survival Reference

Gemcitabine, 186 Pem/Cis ns ns Post-study 8
vinorelbine, or chemotherapy
doxorubicin, Cis (186) prolonged
others survival

Raltitrexed and 15 Cisplatin (15) 3/15 27 weeks 44 weeks 7
Oxaliplatin (95% CI 13–31) (95% CI 24–40)

(18 weeks) (31 weeks)

ZD0473 47 Cisplatin (39) 5/43* 77 days 203 days 5
(95% CI 44–105) (95% CI 165–277)

Ranpirnase 39 Platinum (24) 2** 102 days overall 61% overall 16
Doxorubicin (16) (95% CI 64–161) 1-year survival

Doxil 5 Doxorubicin (2) 1/5 ns ns 19

Raltitrexed and 10 ns 4/6 (all ns ns 13
Oxaliplatin platinum

refractory)

Doxil 12 Dox/Cis (9) 0/24 ns ns 20

Cisplatin and 3 Doxorubicin (3) 1/3 ns ns 6
gemcitabine

Cisplatin, 5-FU, 10 5-FU (3) ns ns ns 21
leucovorin, Immunotherapy (7)
mitomycin-C,
etoposide

Ifosfamide 8 ns 1/8 ns ns 22

Carboplatin 5 Anthracyclines 1/5 ns ns 10

Diaziquone 4 ns 0/4 ns ns 23

Carboplatin 3 ns 0/3 ns ns 24

Carboplatin 6 ns 1/6 ns ns 9

Cisplatin 7 ns 0/7 ns ns 25

Vindesine 6 ns ns ns ns 26

* All minor responses in 43 evaluable patients.
** One partial, one minor response.
TTP, time to progression; ns, not specified.



The next combination in which activity was seen in chemotherapy-
pretreated patients was with the thymidilate synthase inhibitor
raltitrexed (Tomudex) combined with oxaliplatin (7,13) (Tables 40.1 
and 40.2). Oxaliplatin is a new platinum analogue demonstrating only
partial cross-resistance with cisplatin or carboplatin, first demonstrated
in platinum-resistant leukemia models (14). In a phase I study evalu-
ating this new combination, impressive results were seen in an initial
cluster of patients with mesothelioma (13). Therefore, the investigative
team decided to recruit further mesothelioma patients into the phase I
study in order to determine potential activity in this subset. Overall,
six of the 17 patients [35%] with mesothelioma demonstrated an objec-
tive partial response in that phase I trial. An even more interesting
finding was that four of these six responding patients were considered
“platinum refractory,” i.e., having disease progression during or within
6 months of cisplatin-based therapy. These responses were confirmed
by independent radiologic review. Ten of the 17 patients had received
prior chemotherapy; four were responders, three had stable disease,
and only three patients had disease progression at the first assessment.
These findings suggested activity with this combination, which was
then explored in a phase II study specifically focused on mesothelioma
(7) (Tables 40.1 and 40.2).

The phase II study evaluated the efficacy of raltitrexed and oxali-
platin in 70 patients with diffuse malignant pleural mesothelioma, 
15 of whom had received prior chemotherapy (7). Patients received
raltitrexed 3mg/m2 and oxaliplatin 130mg/m2 i.v. q21 days. All 
15 previously pretreated patients had received cisplatin. The overall
response rate was 20%. The same response rate was observed in the
pretreated patients. In pretreated patients, the median time to progres-
sion was 27 weeks [95% confidence interval (CI), 13–31 weeks] com-
pared with 17 weeks in the chemotherapy-naive population (95% CI,
11–21 weeks). Median survival from the start of treatment in pretreated
patients was 44 weeks (95% CI, 24–40 weeks) and 226 weeks (95% CI,
63–292 weeks) from the diagnosis of mesothelioma. This compares
with a median survival from the start of treatment in chemotherapy-
naive patients of 31 weeks (95% CI, 23–40 weeks) and 49 weeks (95%
CI, 40–52 weeks) from the diagnosis of mesothelioma. One-year sur-
vival was 22% in chemotherapy-naive patients (95% CI, 10.9–33.2%)
compared with 40% in the pretreated patients (95% CI, 15.2–64.8%).
Toxicity was manageable, with the most common adverse events being
asthenia, nausea/vomiting, and paresthesia. No toxic deaths occurred.
Improvement in one or more symptom dimensions occurred in 13% to
40% of the 15 pretreated patients compared with 18% to 34% in the
chemotherapy-naive patients.

In this post hoc subset analysis, the prolonged survival seen in the
cisplatin-pretreated patients most likely represents a selection bias in
favor of better prognosis in this group (i.e., those with more slowly
growing tumors survive long enough to receive second-line therapy).
An alternative hypothesis is that there are mesotheliomas that are
inherently chemotherapy sensitive. Similar to patients with high-grade
lymphomas and germ cell tumors, such patients owe their prolonged
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survival to effective second- and third-line drug therapy, not to a slow
growth rate of the tumor. Although detailed prognostic classification
comparing pretreated and chemotherapy-naive patients was not pre-
sented, overall, 66% of patients had epithelial histology and 81.4% had
a World Health Organization (WHO) performance status of 0 or 1 (7).
Still, it is remarkable to see tumor responses with a platinum analogue
in cisplatin-pretreated patients. These data suggest the non–cross-
resistance (or lack of resistance) to the raltitrexed and oxaliplatin 
combination in mesothelioma. Non–cross-resistance or inherent drug
sensitivity, apart from patient-based favorable prognostic characteris-
tics, would appear to be a key factor in predicting second-line activity
of chemotherapy combinations in many diseases where second-line
chemotherapy is effective (non–small-cell lung cancer, lymphomas,
ovarian and breast cancers, germ-cell tumors, etc.).

Another novel agent showing promise in mesothelioma is the 
antitumor ribonuclease Onconase (Bloomfield, NJ) (ranpirnase). It acts
by binding to the cell surface and then penetrating through to the
cytosol where it degrades transfer RNA (tRNA), which may result in
cell death either through an apoptotic switch or by interruption of cell
growth and proliferation through protein synthesis inhibition (15).
Results from a multicenter phase II study, which included pretreated
patients, have been published (16) (Tables 40.1 and 40.2). A random-
ized trial comparing first-line doxorubicin with Onconase has also been
completed (17). The phase II study enrolled 105 patients, 39 (37%) of
whom had prior chemotherapy (16) (Table 40.2). In 11 of the 39 patients,
a cisplatin-containing regimen was used, in three, a doxorubicin-
containing regimen was used, and in 13, a doxorubicin/cisplatin com-
bination was used. The remaining 12 patients were treated with a
variety of other agents. All patients received Onconase 480mg/m2 i.v.
weekly. Survival was the primary end point, and outcomes were
assessed according to their Cancer and Leukemia Group B (CALGB)
prognostic group classification. Of the 81 patients evaluable for a
response, four partial responses and two minor responses were seen,
and 35 stabilizations of previously progressive disease were noted. In
the 39 pretreated patients, one partial response, one minor response,
and 11 stabilizations of previously progressive disease were seen.
Overall median survival was 6 months (95% CI, 4.7–10 months), with
1- and 2-year survival of 34.3% and 21.6%, respectively. The breakdown
of survival between previously treated and first-line–treated patients
was not reported, so the true survival impact of Onconase in the
second-line setting is not known. Survival was prolonged in patients
with either tumor response or stable disease, even when analyzed by
CALGB prognostic group. Furthermore, as 37% of patients were pre-
viously treated, it is likely that chemotherapy-pretreated patients
demonstrating nonprogressive disease had a survival gain, particularly
given the 95% confidence limits around the median survival estimate.

The only dedicated second-line study of chemotherapy in malignant
mesothelioma investigated the activity and tolerability of a novel 
platinum analogue ZD0473 (5). This was an open-label, multicenter
phase II study that recruited 47 patients from six different countries
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with a median age of 59 (range 37–75). All patients had received prior
chemotherapy, and 39 of 47 (83%) had received a prior platinum-based
protocol. The WHO performance status was 0, 1 in 36 patients, and 
2 in 11 patients; 80% of patients had advanced disease (International
Mesothelioma Interest Group stages II to IV). All patients had relapsed
or progressive disease at study enrollment. The mesothelioma histo-
logic classification was not reported.

ZD0473 was administered at a starting dose of 120mg/m2 in 14
patients, six of whom tolerated subsequent escalation to 150mg/m2.
The remaining 33 patients received a starting dose of 150mg/m2. Forty-
three patients were evaluable for response using the revised WHO-
RECIST criteria. No complete or partial responses were seen, but there
were five minor responses (≥10% lesion shrinkage), and 19 patients had
stable disease. Median time to progression was 77 days (95% CI, 44–
105 days) and median survival was 203 days (95% CI, 165–277 days).
The median number of cycles received overall was 3.0 (range 1–6) 
and six patients received more than six cycles. All patients eventually
withdrew from the study, five due to adverse events and 29 due 
to progressive disease. The main toxicity was hematologic 
(thrombocytopenia, 36% grade III) with no grade IV hematologic or
nonhematologic toxicity observed. Quality of life was assessed using
the Functional Assessment of Cancer Therapy–Lung (FACT-L) ques-
tionnaire. Little change was reported in patient overall quality of life
throughout the trial. Although no major responses were seen with
ZD0473, this study was important in confirming the feasibility of clin-
ical trials of second-line chemotherapy.

With over 40% of patients responding to pemetrexed/cisplatin as
first-line treatment for malignant mesothelioma, patients and their
treating physicians now have higher expectations for chemotherapy in
this disease. These expectations have fueled a need for clinical trials in
the second-line setting. A recent updated report on the pemetrexed/cis-
platin phase III trial may shine some light and give impetus to answer
the question of survival with second-line chemotherapy (8). In this
report, the impact of second-line post-study chemotherapy on the 
survival of patients within the pemetrexed/cisplatin phase III trial was
explored. The analysis of post-study chemotherapy was not a part of
study design, occurred in selected patients, and should be considered
a hypothesis-generating exercise. The percentage of patients receiving
post-study chemotherapy was 48% in the cisplatin treatment arm 
compared with 38% in the pemetrexed/cisplatin arm. The majority of
patients received gemcitabine, navelbine, or doxorubicin monotherapy.
Multiple regression analysis indicated that post-study chemotherapy
had a significant correlation with prolonged survival (p < 0.01). One of
the key findings of this report was the survival advantage observed in
the pemetrexed/cisplatin treatment in spite of the imbalance in post-
study chemotherapy favoring the cisplatin arm. This strengthens the
argument further for the efficacy of first-line pemetrexed/cisplatin 
but also indicates the potential for improved survival with second-line
treatment.
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Future Directions

The value of second-line chemotherapy on patient survival and quality
of life should be tested in a randomized controlled trial, ideally against
a best supportive care control arm. Eli Lilly Inc. has embarked upon such
a study comparing single-agent pemetrexed to best supportive care in
the second-line setting. The trial is designed to accrue 240 patients but 
is accruing slowly and predominantly in the United Kingdom, Europe,
and South Africa (Paolo Paoletti, M.D., personal communication, May
2003). Whether it will complete accrual is uncertain.

The question as to which agent or drug combination is best tested as
second-line treatment depends to a great extent on which agents are
used as first-line treatment. Gemcitabine alone was the most commonly
used post-study chemotherapy agent in the context of prior cisplatin
with or without pemetrexed, as reported in the Manegold et al (8) 
study (19.5% vs. 29.8%, pemetrexed/cisplatin vs. cisplatin arms,
respectively). Gemcitabine in combination was the second most com-
monly used regimen (15.9% vs. 14.4%), followed by single-agent
vinorelbine (9.8% vs. 4.8%) and single doxorubicin (8.5% vs. 10.6%).
The variable single agent activity of gemcitabine as a single agent in
the first-line setting (0–31% response rate across three phase II studies)
and its greater efficacy in combination with cisplatin would argue for
a gemcitabine combination rather than a single-agent study (18). The
potential efficacy of oxaliplatin in patients previously treated with cis-
platin suggests it may be a suitable agent to explore in combination
with gemcitabine after failure of pemetrexed/cisplatin. Furthermore,
given the benefit of doublet chemotherapy shown with peme-
trexed/cisplatin, other doublets would be easily studied. The gem-
citabine/doxorubicin doublet has shown good efficacy in metastatic
urothelial malignancy and would be expected to be relatively
non–cross-resistant with the pemetrexed/cisplatin regimen. Other
potential doublets include vinorelbine and a platinating agent. The
oxaliplatin/raltitrexed combination is yet another that has demon-
strated some second-line activity in a small cohort of patients. Most
important, formal phase II studies of such second-line chemotherapy
regimens are required before a phase III trial could be considered. For
example, CALGB has undertaken a phase II study of the novel antian-
giogenesis/tyrosine kinase receptor antagonist BAY43–9006 as second-
line therapy (H. Kindler, personal communication, May 2003). If the
study accrues well and shows activity, a phase III study could be
planned using that agent alone compared to best supportive care.

This population of pretreated high-performance status mesothe-
lioma patients is an ideal population in which to study new drugs. 
At the University of Chicago, for example, open phase II trials 
available in this population include imatinib (Gleevec) (27) and SDX-
101 (l-alanosine). Planned trials include an m-TOR (mammalian 
target of rapamycin) inhibitor and an inhibitor of multiple tyrosine
kinases.
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Conclusion

The role of chemotherapy in malignant mesothelioma has changed
since the late 1990s with the emergence of new active regimens, im-
proved image reporting, and high-quality data from large multicenter
randomized studies. A review of the literature indicates increasing
reports of efficacy of second-line chemotherapy in selected fit patients.
The activity of pemetrexed and cisplatin in the first-line setting and the
apparent value of post-study chemotherapy within the context of that
phase III study have confirmed the sensitivity of some mesotheliomas
to chemotherapy. Those data, in turn, have opened the door for explo-
ration of chemotherapy or other novel therapies in the second-line
setting for malignant mesothelioma. Last, novel phase II studies are
required, indeed vital, to determine active agents and combinations in
this setting. Careful analysis of the results of such studies by risk/prog-
nostic group assignment and prior response duration will need to be
done. Ultimately the most promising agent(s) will need to be evaluated
in a randomized comparison against the current standard of best sup-
portive care.
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41
Treatment of Mesothelioma 
with Radiotherapy
Ryan P. Smith and Stephen M. Hahn

General Principles of Radiation Therapy

Radiation therapy is a therapeutic modality that uses ionizing radia-
tion to treat cancers and some nonmalignant conditions. Ionizing radi-
ation kills cells by damaging DNA (1). Approximately two thirds of the
DNA damage caused by ionizing radiation is from indirect action, that
is, damage caused by free radicals generated mostly from the ioniza-
tion of water (1). The remainder of the damage caused by radiation is
through direct ionization of DNA. Radiation damage is also highly
dependent on the presence of oxygen. The cytotoxicity of radiation is
approximately three times greater in the presence of oxygen than that
which occurs in an anoxic environment (1). Hypoxia in human tumors
has been extensively investigated and may be a physiologic cause for
radiation resistance (2–4).

The absorbed dose of radiation therapy is prescribed in units called
gray (Gy). The clinical use of radiation therapy in the United States is
usually fractionated, that is, delivered in small doses daily. In general,
for definitive or curative radiation therapy courses, a daily dose of 180
or 200cGy per day is used. A total dose of radiation therapy for a cura-
tive course is usually between 5000 and 7000cGy. For palliative courses
of radiation therapy, daily doses between 250 and 400cGy are used for
a total dose of between 2000 to 3500cGy. The biologic basis for frac-
tionation is that greater tumor cell kill can be achieved with fractiona-
tion relative to normal tissue effects by exploiting the 4 Rs: cellular
repair, reassortment of tumor cells into sensitive phases of the cell cycle,
reoxygenation of tumor cells, and repopulation of normal tissues. The
total dose of radiation therapy used clinically is, in general, dependent
on the radiation doses that the normal tissues within the radiation field
can tolerate (so-called tolerance doses). There are some tumors that are
quite radioresponsive, and for these tumors, doses below normal tissue
tolerances can be used. However, for most solid tumors, including
mesothelioma, the dose of radiation therapy that is prescribed is based
on the tolerance of the normal tissues. In the case of mesothelioma,
normal tissues that are sensitive to the effects of radiotherapy are
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within the radiation field. These normal tissues limit the doses that can
be administered and include the lungs, heart, esophagus, spinal cord,
liver, and stomach. In general, the acute side toxicities of radiation
during radiotherapy for mesothelioma include skin redness, esophagi-
tis, fatigue, and nausea. The potential long-term toxicities of radio-
therapy for mesothelioma include radiation pneumonitis, cardiac
damage, radiation myelitis, and radiation damage to the liver.

Specialized radiation treatment planning methods can be used to
shape the radiation field with the goal of increasing the dose to the
tumor and reducing the dose to normal tissues. The radiation treatment
planning process involves the identification of a tumor or region that
requires treatment followed by an evaluation of the radiation dose dis-
tributions provided by different field arrangements. Advances in com-
puter hardware and software have enhanced the efficiency of this
process. It is considered standard in many clinical situations to use
three-dimensional radiation treatment planning for the delivery of
three-dimensional conformal radiation therapy (3DCRT), which allows
the physician to conform the radiation dose to a three-dimensional
target volume (the tumor plus any additional tissues that require treat-
ment) while also minimizing the dose to the surrounding normal
tissues. In the typical situation, 3DCRT is delivered using a number of
fixed radiation beams that are shaped using blocks or a multileaf col-
limator. The intensity of the radiation beam across the radiation field
is mostly uniform (there are exceptions to this).

A new version of the treatment planning process called intensity
modulated radiation therapy (IMRT) is being used by some centers to
treat complex regions and tumors (5). It involves a treatment planning
process and delivery that uses nonuniform radiation beam intensities
across the radiation field. Computer optimization techniques are used
by the physician, radiation physicists, and radiation dosimetrists to
determine the appropriate radiation dose distribution.

The potential advantage of IMRT over conventional 3DCRT is the
ability to deliver higher doses of radiation to the tumor while further
minimizing the doses to adjacent normal tissues compared to conven-
tional 3DCRT. Early reports of IMRT for prostate cancer, head and neck
cancer, and brain tumors suggest that tumor radiation dose escalation
may be feasible without increasing acute or late normal tissue side
effects (6,7). However, there are several issues that have not been com-
pletely resolved with IMRT, which may be significant drawbacks to this
technique (8). First, IMRT involves significantly more time and effort
from physicians, physicists, dosimetrists, and radiation therapists.
Second, there may be an increased risk of error because of the com-
plexity of the treatment planning and delivery process; this requires a
substantial program of quality assurance and verification of the radia-
tion treatment fields. Third, the treatment times for patients are longer
than for conventional radiation therapy. Typical treatment times for
conventional 3DCRT are 3 to 5 minutes, while IMRT treatment times
may range from 15 to 30 minutes. Fourth, although the immediately
adjacent normal tissues may receive a lower dose of radiation com-
pared to the tumor, a significantly greater normal tissue volume
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receives a low to moderate radiation dose compared to standard
approaches. This higher whole-body dose of low-dose radiation may
increase the risk of second cancers. There are no long-term data cur-
rently available to address this issue.

Radiation therapy can be delivered externally as photons or electrons
usually from a linear accelerator. Photons are a more penetrating type
of radiation and can be used to deliver radiation to deep-seated tumors.
Electrons are a superficial type of radiation through which the dose can
be deposited to superficial structures such as the skin. Intraoperative
radiation involves the use of external beam radiation (usually elec-
trons) during the surgical procedure when exposure of a tumor bed is
at its maximum. Radiation therapy can also be delivered with radioac-
tive isotopes, which is called brachytherapy. This includes radiation
seeds or implants, which are placed directly into the site of the tumor.
One of the advantages of brachytherapy is that high doses of radiation
are delivered to a localized area with relative sparing of the surround-
ing normal tissues. One form of brachytherapy that has been used for
mesothelioma is the instillation of a radioactive 32P or 198Au solution
within the pleura in order to expose the entire pleural surface to radi-
ation (9,10).

Curative Radiation Therapy as a Single Modality

Treatment of malignant pleural mesothelioma, with definitive radio-
therapy as a single modality is not a curative treatment strategy. The
main limitation of radiotherapy in this setting is the inability to treat a
large volume of disease in the chest with a curative radiation dose (>60
Gy) because of the risks of severe normal tissue toxicity. Several groups
have reported their results with definitive radiotherapy. Law et al (11)
administered radiation using a rotational technique to deliver 5000 to
5500cGy to the pleural space. Survival in this group of patients ranged
from 3 to 10 months, with the exception of one patient who was alive
and well 4 years after the completion of treatment. The authors con-
cluded that radiotherapy had a palliative benefit in a small number 
of patients but that it was of no value in other patients. Ball and 
Cruickshank, (12) from the MacCallum Cancer Institute in Australia,
reported the results of radical radiotherapy in 12 patients with malig-
nant pleural mesothelioma. These patients were treated with 5000cGy
to the entire hemithorax. Median survival of these patients was 17
months compared to 7 months for those offered palliative treatment
only. This difference is likely the result of a selection bias, with those
fit enough to undergo a full course of radiation likely to have a greater
survival regardless of treatment given. In addition, in these 12 patients,
two had toxicity that led to their deaths, one with radiation hepatitis
and one with radiation myelopathy. The authors concluded that radio-
therapy did not appear to be effective in prolonging survival in patients
with mesothelioma.

A larger study of patients with malignant pleural mesothelioma,
which included patients treated with definitive radiotherapy, was
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reported by Ruffie et al (13). Radiation was given to a total of 49 pa-
tients. In those patients where the dose exceeded 4500cGy, the course
of radiation was defined as radical. The median survival was 9.8
months in patients treated with radical radiotherapy, which was no 
different from those treated with palliative radiation. Alberts et al (14)
used a split course of radiotherapy in patients with pleural mesothe-
lioma. In this study, 13 patients were treated with definitive radiation
alone. Patients received variable schedules of radiation. Some received
1000cGy in 1 week (five 200-cGy fractions) every 6 weeks up to a maxi-
mum of four courses. Others received 150-cGy fractions for 10 days,
followed by a rest period of 2 weeks. This was followed by an addi-
tional 3000cGy in 2 weeks, using 300-cGy fractions. Hence, they re-
ceived a total of 4500cGy throughout the entire course. One patient 
had a complete response to radiation, one patient had a partial re-
sponse (≥50% reduction in the size of disease), and three patients had
stability of their disease. The median duration of response was 133
days. Though direct comparisons were difficult to make between the
groups of patients in this nonrandomized study, the duration of
response to radiation was much shorter than with other treatment
modalities. Holsti et al (15) have also reported their results with radical
hemithoracic radiotherapy in patients with pleural mesothelioma.
Fifty-seven patients were treated with a variety of fractionation sched-
ules. The 2-year survival rate of the group overall was 21% and the 5-
year survival rate was 9%. Two patients were reported to be long-term
survivors. This group has reported that the toxicity to the intact lung
is severe, with total loss of function on the irradiated side (16).

Definitive radiotherapy alone is not curative therapy in malignant
pleural mesothelioma and is associated with substantial toxicities. The
basic problem is that it is not possible to deliver curative doses to the
hemithorax given the geometric limitations of the thoracic cavity and
the sensitivity of the surrounding normal tissues.

Combined Chemotherapy and Definitive Radiotherapy

The poor results reported for definitive radiotherapy (RT) alone have
led to studies evaluating the combination of chemotherapy and radia-
tion. Alberts et al (14) treated patients with a variety of chemotherapy
regimens, all concurrent with RT. These included RT plus doxorubicin,
RT plus cyclophosphamide, RT plus procarbazine, and RT plus
cyclophosphamide, vincristine, and actinomycin D. Radiation was
given in a variety of schedules as well. Some received 1000cGy in a
week (in five 200-cGy fractions) every 6 weeks up to a maximum of four
courses. Others received 150-cGy fractions for 10 days, followed by a
rest period of 2 weeks. This was followed by an additional 3000cGy in
2 weeks, using 300-cGy fractions. Hence, they received a total of 4500
cGy throughout the entire course. Though the response rates and
response durations were increased with the addition of chemotherapy
compared to radiation alone, the median survival was not significantly
increased over those patients who received radiation alone. Ruffie et al
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(13) treated mesothelioma patients with chemotherapy consisting of
doxorubicin-based regimens and other combination chemotherapy reg-
imens. There was a significant increase in survival in those patients
receiving chemotherapy (median survival time of 12.3 months vs. 
7.3 months) compared to those who did not receive chemotherapy.
Although the chemoradiation group only had nine patients, their
median survival was 14.2 months, among the highest of any group in
the study. Median survivals were higher in doxorubicin groups (14.7
months) compared to those in groups using the chemotherapy regimens
(11.9 months). Linden et al (17) treated patients with hemithoracic
radiotherapy (40Gy in 20 daily fractions) followed by chemotherapy in
good performance status patients. The chemotherapy consisted of dox-
orubicin and cyclophosphamide. In this nonrandomized trial, the
response rates were no different in patients treated with radiotherapy
alone, chemotherapy alone, or combined treatment. The median sur-
vival was highest (13 months) in patients treated with combined modal-
ity therapy. The differences in survival among the different treatment
groups are likely the result of a selection bias in favor of the combined
modality group.

Some investigators have evaluated the addition of radiation sen-
sitizers with definitive radiation therapy (18,19). Herscher et al, (18)
from the U.S. National Cancer Institute, studied the use of a 5-day con-
tinuous infusion of paclitaxel with radical radiotherapy in patients
with mesothelioma and non–small-cell lung cancer. In mesothelioma
patients, hemithoracic radiation was delivered initially. This was fol-
lowed by a boost of radiotherapy to the gross tumor volume for a total
dose of 5760 to 6300cGy. The maximally tolerated dose of paclitaxel in
combination with radiation was 105mg/m2 as a 120-hour continuous
infusion. The toxicities were neutropenia, nausea and vomiting, grade
2 lung injury, and persistent cough. The authors concluded that this
treatment was well tolerated. Chen et al (19) evaluated pulsed pacli-
taxel delivered during radiotherapy in a phase I trial. A 12% complete
response rate and an 88% partial response rate were reported for dis-
ease within the radiotherapy field. The authors reported that the treat-
ment was well tolerated. Although these approaches are interesting, 
it is not likely that the addition of radiation sensitizers to radical 
radiotherapy will be a curative. Definitive chemoradiotherapy should
be considered unproven for patients with mesothelioma.

Combined Surgical Resection and 
Definitive Radiotherapy

Surgical resection, when feasible, is the desired treatment for patients
with malignant pleural mesothelioma. Surgery alone, however, is
unlikely to sterilize the hemithorax. Adjuvant, postoperative external
beam radiotherapy is one approach that has been used to eradicate
residual microscopic disease after surgical resection (20). The rationale
behind this approach is that debulking the tumor mass maximizes the
effectiveness of radiation (21). After an extrapleural pneumonectomy,
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radical radiotherapy can be administered without concern for damage
to the underlying ipsilateral lung since it has been removed surgically.
However, radical radiotherapy after a pleurectomy continues to place
the ipsilateral lung at risk for substantial loss of function.

Law et al (11) reported the results of decortication followed by radi-
ation therapy to a dose of 5000 to 5500cGy in eight patients with pleural
mesothelioma. The median survival for these patients was 18 months,
which was not increased from patients treated with decortication alone
(20 months) or those patients who did not receive treatment (18
months). Toxicities from this regimen were minimal, with nausea and
malaise in six patients, transient radiation hepatitis in one patient, and
mild esophagitis in one patient. Ruffie et al (13) reported the treatment
of 12 patients with surgery followed by radiation. The median survival
was 11.7 months, which was no different from the survival reported for
those treated with radiation alone, with chemotherapy alone, with sur-
gery and chemotherapy, or with trimodality therapy.

Some investigators have used brachytherapy or intraoperative exter-
nal beam radiation in combination with surgery. Hilaris et al treated 41
patients with pleural mesothelioma after a parietal pleurectomy. Using
this surgical procedure, however, resulted in residual disease being left
behind in the majority of patients. Either brachytherapy or radioiso-
topes were used to eradicate gross residual disease. Permanent 125I
brachytherapy implants were used in patients who had measurable
gross residual disease. If the residual disease was too diffuse, tempo-
rary 192Ir implants were placed 3 to 5 days after the pleurectomy. If gross
disease was noted on the surface of the lung, a solution of 32P was
instilled into the pleural cavity 5 to 7 days after thoracotomy. External
beam radiation to a dose of 4500cGy was delivered to the pleural
surface 4 to 6 weeks after surgery via a combination of photons and
electron. There was no mortality and minimal toxicity from this treat-
ment strategy. Six patients (15%) developed complications from treat-
ment. Two patients developed subcutaneous emphysema, one patient
developed pneumonitis, one developed pulmonary fibrosis, one devel-
oped pericardial effusion, and one developed esophagitis. The median
survival was 21 months, with 1-year and 2-year survivals of 65% and
40%, respectively. Only 17% of the patients failed locally, which may
be a reflection of the aggressive local therapy. The authors’ conclusions
were that, while aggressive surgical resection is an essential portion of
treatment, it is often very difficult to remove all sites of disease. By the
results reported in this study, intraoperative brachytherapy followed
by external beam radiation therapy was an effective method of con-
trolling local recurrence. It is not clear if an increased local control rate
will translate into a survival advantage.

Rusch and colleagues (22) at the Memorial Sloan-Kettering Cancer
Center completed a phase II trial of surgery followed by postoperative
radiation in patients with pleural mesothelioma. Eighty-eight patients
with biopsy-confirmed mesothelioma were treated. Twenty-one pa-
tients were unresectable and taken off study. The majority of patients
(n = 62) underwent an extrapleural pneumonectomy (EPP), followed
by 54Gy delivered through anterior and posterior fields in 30 fractions
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of 1.8Gy. Five patients were treated with a pleurectomy, which was fol-
lowed by intraoperative radiation therapy to a dose of 15Gy, using 
a high-dose iridium applicator. This was followed by 54Gy to the
hemithorax via anterior and posterior fields, in the same fractionation
schedule as those who underwent EPP. There were seven postoperative
deaths, all primarily related to pulmonary complications in patients
who had undergone an EPP. A total of 33 patients had some complica-
tions, with the most common being atrial arrythmias (n = 17), respira-
tory failure (six), pneumonia (five), and empyema (five). In general,
radiation was well tolerated, with grade 3 toxicities mainly related to
fatigue, nausea, and esophagitis. There were five grade 4 toxicities, the
most serious being an esophagopleural fistula. Only the patients who
underwent EPP were considered for survival analysis. The median 
survival was 17 months, with an overall survival of 27% at 3 years.
Only 13% had locoregional recurrence, with the majority of patients
failing with distant metastases. The authors concluded that their
approach of aggressive surgery with EPP, followed by high-dose radi-
ation to the entire hemithorax, provided a favorable outcome for those
patients who were able to complete the therapy compared to historical
data. It should be noted that almost one quarter of the patients in 
this study were unresectable and were not included in the survival
analysis, which introduces a bias in the reported results. An additional
number of patients were unable to complete radiation. Therefore,
although this treatment regimen appears to be associated with excel-
lent clinical outcome, it is difficult to evaluate the relative impact of the
treatment regimen from the patient selection factors.

Lee et al (23) recently retrospectively reviewed the efficacy and 
toxicity of surgery with intraoperative radiotherapy followed by
chemotherapy. Twenty-six patients with malignant pleural mesothe-
lioma were included in the analysis. Twenty-four patients were treated
with surgery consisting of a pleurectomy/decortication followed by
intraoperative radiotherapy, consisting of 4 to 9 MeV electrons to
median dose of 15Gy (range, 5–15Gy). External beam radiation was
delivered by 3DCRT in 14 patients and IMRT in 10 patients. The goal
of the external beam radiation therapy was to treat the pleural surface
of the lung and all surgical scars while sparing the underlying lung
parenchyma. The median dose of radiation delivered was 41.4Gy
(range, 30.1–48.8Gy). Chemotherapy consisting of cisplatin, doxoru-
bicin, and cyclophosphamide was administered to selected patients
beginning 1 to 2 months after radiation was completed. There were 
no deaths caused by the therapy and few postoperative complications
(three cases of atrial fibrillation and one patient with a persistent air
leak). Radiation was also well tolerated, with symptoms of pneumoni-
tis noted in only four patients and pericarditis in one patient. In all
cases, these symptoms resolved with conservative management. The
median overall survival was 18.1 months and the median progression-
free interval was 12.2 months. Locoregional relapse was the most
common site of failure. The authors concluded that this approach was
a potential treatment option for adjuvant radiotherapy in patients who
were unable to tolerate an EPP.
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Intensity modulated radiation therapy offers the potential for admin-
istering higher doses of radiotherapy to the hemithorax while mini-
mizing normal tissue toxicities (5). Stevens et al, at the M.D. Anderson
Cancer Study, have treated 28 patients with IMRT after EPP (24,25). The
hemithorax was treated with doses of 4500 to 5000cGy. Some regions
of the hemithorax were boosted to a total dose of 6000cGy. Radiation
dose homogeneity to the entire hemithorax was excellent. Side effects
included nausea, vomiting, dyspnea, and esophagitis. The median
follow-up is 9 months and the local control rate is 100%. One year sur-
vival is 65%. These early results are encouraging and are worthy of
additional study.

Prevention of Scar Recurrences

Malignant seeding along thoracentesis tracts, biopsy tracts, chest tube
sites, and surgical incisions is a common complication of procedures in
patients with malignant mesothelioma (26). The frequency of malig-
nant seeding has been reported to occur in approximately 20% to 
50% of mesothelioma patients who undergo these procedures (13,27–
29). Cutaneous recurrences usually present as painful subcutaneous
nodules and may be unresponsive to conventional therapies. Boutin 
et al (26) have investigated the use of radiation to prevent malignant
seeding after invasive diagnostic procedures. Forty patients were 
randomized, after an invasive diagnostic procedure, to either radio-
therapy or no treatment. The radiotherapy regimen consisted of 
21Gy in 3 days delivered with electrons to healing biopsy tracts and
thoracoscopic sites and was delivered 10 to 15 days after the pro-
cedure. No patient in the radiation treatment group developed sub-
cutaneous nodules. Alternatively, eight of 20 patients in the untreated
group developed metastases. Tolerance to this local radiotherapy 
was excellent. This study supports the use of radiotherapy to the 
chest wall after diagnostic procedures to prevent cutaneous tumor 
recurrences.

Palliation

Palliation of symptoms takes on increasing importance in tumors such
as mesothelioma in which curative treatment options do not exist for
the majority of patients. Palliation of patients with mesothelioma com-
monly involves the management of dyspnea and chest pain. Dyspnea
most often results from intractable pleural effusions, which can trap the
lung. Uncontrolled local tumor can also cause encasement of the lung
with tumor growing into the lung parenchyma. Chest pain is often 
the result of tumor invasion of chest wall structures including ribs,
muscles, and intercostal nerves (30). Radiotherapy is most commonly
used to palliate pain in patients with advanced mesothelioma (31).
Investigators from the Netherlands have reported using palliative
radiotherapy to treat painful chest wall metastases in patients with
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mesothelioma (31). A greater degree of palliation was reported in
patients who were treated with fractions of 400cGy compared with
patients who were treated with 300cGy. Unfortunately, pain recurrence
within the treated field remained a significant problem. The authors
reported that a total dose of 36 Gy in 400-cGy fractions provided local
palliation in at least 50% of patients. Ball and Cruickshank (12) reported
a 72% rate of symptom improvement using palliative courses of radi-
ation therapy. These investigators reported that short courses of radia-
tion (20Gy in five fractions) were as efficacious for symptom relief as
more protracted courses of radiation (30–40Gy in 10–15 fractions).
Ruffie et al (13) reported the results of palliative radiation therapy in
85 patients with mesothelioma. Palliation was often not achieved with
radiation because adequate doses of radiation were not delivered to
some patients. When doses greater than 4500cGy were used, pain relief
was attained in over 50% of the cases. An additional study by Gordon
et al (32) reported results that supported the dose response relationship
suggested by Ruffie et al. These authors found that radiotherapy pro-
vided a 38% palliation rate overall, and suggested that higher doses of
40 to 50Gy were needed to obtain pain relief. One of the largest studies
of palliative radiotherapy in mesothelioma was reported by Davis et al
(33). Of 111 patients who were followed, 71 were treated with radiation
for symptoms. Although pain was the most common symptom requir-
ing palliation, other symptoms related to superior vena caval obstruc-
tion, mass effect, and effusion were also treated. The authors found that
greater than 60% of patients had some symptomatic benefit from radi-
ation therapy. Unlike previous studies, the authors reported that the
palliative response did not vary with dose. Therefore, the authors’ 
standard approach is to offer patients short courses of treatment (20Gy
in five fractions) rather than longer courses of radiotherapy. These
studies support the use of radiation as a useful tool in the palliation of
mesothelioma.

Peritoneal Mesothelioma

Peritoneal mesothelioma is an uncommon presentation of mesothe-
lioma. Radiation therapy is not commonly used because of the large
volume of tissue that would require treatment when the peritoneal
cavity is involved with disease. The toxicities to the small bowel, liver,
kidneys, and other abdominal organs would preclude the delivery of
curative doses of radiation in the majority of cases. The largest series
of radiation therapy in peritoneal mesothelioma was reported by inves-
tigators at the Memorial Sloan-Kettering Cancer Center (34). Twenty-
five patients with peritoneal mesothelioma in this series underwent
surgical debulking. Seven patients received external beam radiother-
apy and six patients received external beam radiation combined with
the intracavitary instillation of a 32P solution. The median survival was
12 months from the time of diagnosis. Only four patients survived
more than 5 years, and all four of these patients were treated with intra-
cavitary 32P and external beam radiation therapy.
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Conclusion

The role of radiation therapy in the treatment of mesothelioma has yet
to be fully defined. Definitive radiotherapy as a single modality
therapy is not curative and is not of clear benefit to patients. Additional
study is needed to evaluate definitive radiotherapy in combination
with novel radiation sensitizers and chemotherapy in patients with
unresectable disease. Postoperative external radiation therapy may
have a role as adjuvant treatment after extrapleural pneumonectomy
in selected patients. Every effort should be made to deliver radiation
doses of 45 to 60Gy in standard fractions of 180 to 200cGy. The complex
geometry of the thoracic cavity after surgical resection complicates the
delivery of radiotherapy and underscores the need to treat these
patients with modern treatment planning techniques. Three-
dimensional conformal radiation therapy planning is needed to plan
radiation therapy in this patient population. The early results with
intensity-modulated radiation therapy appear encouraging and should
be investigated further. Postoperative radiotherapy in patients who
have undergone a pleurectomy/decortication is more complicated
because of the underlying lung. The preliminary results of using intra-
operative external beam radiation or brachytherapy warrant further
evaluation. The major use of radiation therapy in the treatment of
mesothelioma currently continues to be in palliation and in the reduc-
tion of scar recurrences.
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42
Intrapleural Chemotherapy with

and Without Surgery in Malignant
Pleural Mesothelioma (MPM)

Bilal Piperdi, Dong M. Shin, and Roman Perez-Soler

Although malignant pleural mesothelioma (MPM) is a rare disease, its
annual incidence is believed to be increasing. Approximately 2000 to
3000 new cases of MPM are diagnosed annually in the United States
(1). It is a very aggressive disease with median survival of approxi-
mately 6 to 8 months. The majority of the patients at the time of diag-
nosis are surgically unresectable due to extensive local disease. Even
in patients who undergo aggressive surgical debulking, the majority of
them, in some series up to 80%, have local relapse despite aggressive
adjuvant therapy (2). Systemic chemotherapy until recently has not
been shown to improve survival in patients with MPM.

Interapleural therapy can be an attractive option for MPM, particu-
larly in early, nonbulky disease, which is easily accessible from the
pleural cavity. Inrapleural drug delivery can achieve increased and pro-
longed local drug concentration with less systemic toxicity. Several
agents, both chemotherapy and immunotherapy, have been evaluated
as intrapleural therapy. Intrapleural immunotherapy is reviewed in
Chapter 43. This chapter reviews the experience with intrapleural
chemotherapy alone or as adjuvant to debulking surgery and discusses
our encouraging results with liposome-entrapped platinum derivative,
cis-Bis-neodecanoato-trans-R, R-1, 2-diaminocyclohexane platinum (II)
(L-NDDP), which is structurally similar to oxalipatin, as intrapleural
therapy in patients with MPM.

Intrapleural Chemotherapy

Delivering chemotherapy directly to tumor-involved body cavities has
always been an attractive option. Theoretically, it has the advantage of
delivering the drug directly to the tumor with fewer systemic side
effects. Dedrick et al (3) in 1978 proposed a mathematical model of the
pharmacokinetics of intraperitoneal chemotherapy. The patient was
divided into two compartments: the peritoneal cavity and the remain-
der of the body. The concentration of a drug in the peritoneal cavity is
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inversely proportional to its rate of clearance from both compartments.
In general, the clearance rates are determined by (1) the characteristics
of the cavity, (2) the characteristics of the drug itself, (3) the concentra-
tion of the drug delivered, (4) the route of entry into the plasma, (5) the
site of metabolism, and (6) the mode of excretion. Depending on all of
these factors, the intracavitary levels of the drug can be manyfold
higher than systemic levels. Indeed, intraperitoneal levels of 21-fold
higher than serum levels have been reported after intraperitoneal
administration of cisplatin (4). Intraperitoneal cisplatin has been
proven superior to intravenous cisplatin in a large randomized study
of ovarian cancer (5).

The ideal antitumor drug designed for intrapleural therapy should
have two properties: prolonged residence time in the cavity, and the
ability to penetrate easily into the tumor tissue from its surface. Pro-
longed residence of the medication in the pleural cavity and, therefore,
delayed absorption into the systemic circulation result in peak systemic
levels of the drug well below that of the pleural levels. This ensures a
subtherapeutic and subtoxic range of cytotoxic medication systemically
and hence, an increased therapeutic index. As in any form of topical
therapy, the lipid solubility of the drug and its penetration into the
tumor is a critical factor in determining the efficacy of the drug admin-
istered intrapleurally. Unfortunately, most classic chemotherapeutic
agents tested as intrapleural chemotherapy in the clinical trials are
hydrophilic and lack these properties.

The initial studies with intrapleural therapy were done in patients
with malignant pleural effusion. Rusch et al (6) reported intrapleural
cisplatin and cytarabine in patients with malignant pleural effusion.
Only one of 37 patients developed grade 4 renal toxicity and three of
27 patients had grade 3 hematologic toxicity. The overall response rate
at 3 weeks was 49%. The median duration of response for six patients
with a CR was 9 months but the median overall survival for the whole
group was, disappointingly, 5.7 months. The majority of the patients
died of progressive systemic disease.

Malignant pleural mesothelioma is an ideal candidate for intra-
pleural therapy because the disease tends to remain confined to the
pleural cavity. It is usually resistant to radiotherapy, and systemic
chemotherapy provides only a modest increase in survival. Death in
patients with MPM is usually due to aggressive local growth and inva-
sion. Intrapleural cisplatin has been evaluated in conjunction with
debulking surgery in several trials as reviewed below. We have con-
ducted a phase II study with single-agent intrapleural liposome-
entrapped platinum derivative with encouraging results.

Intrapleural Chemotherapy with Surgical Debulking

The three surgical procedures that have been used for the treatment or
palliation of MPM are pleurodesis, pleurectomy/decortication (P/D),
and extrapleural pneumenectomy (EPP). None of these procedures as
a single modality has resulted in significant prolongation of median
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survival, although EPP can “cure” 10% to 20% of patients (see Chapters
46 and 47). Intrapleural therapy has been evaluated as a part of multi-
modality treatment in patients who can undergo debulking surgery (7).

Rusch et al (8) reported a phase II trial of P/D followed by immedi-
ate intrapleural cisplatin and mitomycin C and systemic therapy with
the same agents 3 to 5 weeks postoperatively (Table 42.1). Thirty-six
patients were enrolled, and 28 patients underwent P/D and intra-
pleural chemotherapy. There was one perioperative death (3.6%) and
two episodes of grade 4 renal failures. Twenty-three of the 27 surviving
patients received systemic chemotherapy. The 1- and 2-year survival
rates were 68% and 40%, respectively, and the median survival was 
17 months. Despite intrapleural therapy, locoregional recurrence was
seen in 80% of the patients.

Rice et al (9), from Cleveland Clinic, used a similar regimen in 19
patients with stage I disease. Surgical debulking was one with P/D in
nine patients and EPP in 10 patients. The P/D patients received imme-
diate intrapleural cisplatin and mitomycin C postprocedure, while the
intrapleural therapy was done 1 to 2 weeks postprocedure for patients
undergoing EPP. There was one perioperative death (5%), and 15
patients received cisplatin-based systemic chemotherapy. The median
survival was 13 months and the median disease-free survival was 
11 months.

Sauter et al (10), from Fox Chase Cancer Center, reported their expe-
rience of multimodality treatment including intrapleural therapy in 
20 patients with MPM. All patients had subtotal pleurectomy and 
13 patients with preoperative diagnosis of MPM were enrolled in a
phase II study with intrapleural cisplatin and cytarabine after sub-
total pleurectomy followed by intravenous cisplatin and mitomycin 
C. There was one treatment-related death due to cisplatin-induced
nephrotoxicity. The median survival and time to progression were 9
and 6 months, respectively, in patients who received intrapleural
therapy, and was significantly lower than in seven other patients who
did not receive intrapleural therapy.

Juturi et al (11) reported their experience with intracavitary paclitaxel
as a part of multimodality treatment in 22 patients with MPM. Nine
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Table 42.1. Phase II trials of intrapleural chemotherapy following surgical debulking in
patients with malignant pleural mesothelioma

Number Type of Intrapleural Systemic Median 2-year
Author of patients surgery chemotherapy chemotherapy survival survival

Rusch 36 P/D Cisplatin and Cisplatin and 17 months 40%
et al (8) mitomycin C mitomycin C
Rice 19 9 P/D Cisplatin and Cisplatin and 13 months 22%
et al (9) 10 EPP mitomycin C mitomycin C
Sauter 13 P/D Cisplatin and Cisplatin and 9 months 15%
et al (10) cytarabine mitomycin C
Juturi 22 9 P/D Paclitaxel Paclitaxel and 9 months NA
et al (11) 12 EPP radiation therapy
EPP, extrapleural pneumonectomy; NA, not available; P/D, pleurectomy/decortication.



patients underwent P/D and 12 patients underwent EPP. This was fol-
lowed by intrapleural paclitaxel 125mg/m2 on D1 postoperatively for
P/D patients or on D7 for EPP patients. Concurrent chemoradiation
with intravenous paclitaxel was begun 4 to 8 weeks after the surgery.
The toxicity of the regimen was considerable, including empyema,
wound dehiscence, mucositis, neutropenia, neutropenic sepsis, and one
toxic death. The median survival was, disappointingly, only 9 months.
Despite the aggressive multimodality treatment, locoregional relapse
was seen in 64% of the patients.

Hyperthermic Intrapleural Chemotherapy

One of the major problems with intrapleural therapy has been the 
quick reabsorption of chemotherapy from the pleural surface into 
the systemic circulation. Pharmacokinetic studies have shown that
intrapleural and intraperitoneal cisplatin is quickly reabsorbed with
peak plasma level at 15 to 20 minutes, similar to those achieved with
intravenous cisplatin. This accounts for the increased toxicity and
limits the maximum dose that can be delivered, and hence, decreases
the efficacy. Several methods have been explored to overcome this 
limitation.

One way to increase the local tumor cell kill is to deliver hyperther-
mic chemotherapy. Ratto et al (12) studied hyperthermic intrapleural
perfusion in MPM. Three patients underwent P/D and normothermic
cisplatin, three patients underwent P/D and hyperthermic cisplatin,
and four patients underwent EPP and hyperthermic perfusion. The cis-
platin dose was 100mg/m2. There was higher systemic absorption of
the cisplatin with P/D than with EPP. Higher local tissue concentra-
tions were achieved with hyperthermic infusion than with normother-
mic infusion.

Sugarbaker et al (13) reported the phase I data of intraoperative intra-
cavitary hyperthermic chemotherapy with EPP in 50 patients with
MPM. After EPP, the exposed hemithorax and lower abdomen were
lavaged for 1 hour with cisplatin at 44°C. Thiosulfate was infused intra-
venously for 6 hours to bind systemically absorbed cisplatin. In their
dose-escalating study, the maximum tolerated dose (MTD) for hyper-
thermic cisplatin delivered was 250mg/m2. Operative mortality was
2% (1/50). Constrictive pericarditis was seen in 10% (5/50) with 8%
(4/50) requiring reoperation, all in patients with left EPP. Empyema
developed in 8% (4/50) of the patients. Grade II renal insufficiency
developed in 6% (3/50) and grade II hematologic toxicity in 33%
(16/48) of the patients. Substantial gradient of cisplatin was noted
between systemic and local levels. Efficacy was not reported (13, 14).

Liposome-Entrapped Platinum Derivative

Another way to enhance the local effect with fewer systemic compli-
cations is to use a favorable delivery vehicle. We have studied the
intrapleural therapy with L-NDDP, which is a lipophilic and non–cross-
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resistant platinum compound that is formulated in large multilamellar
liposomes (1–3mm) (Fig. 42.1). Because of its lipophilicity, its trans-
membrane transport has been shown to be much higher than that of
cisplatin, and hence its tissue penetration is markedly increased.
Because of the large liposomes used to deliver L-NDDP, its intracavi-
tary residence is much more prolonged than that of cisplatin (15).

In our phase I study in patients with malignant pleural effusion, the
MTD of intrapleural L-NDDP was 450mg/m2. The dose-limiting 
toxicity was chemical pleuritis with rapid pleural fluid reaccumulation.
The only toxicity observed at MTD was grade 1 to 2 nausea and vomit-
ing without premedication. Neither myelosuppression nor nephrotox-
icity was observed. In one patient with MPM, the pleural effusion
disappeared without evidence of recurrence for 19+ months. Two other
patients with MPM had >50% reduction in pleural fluid size (16).

These encouraging results prompted us to perform a phase II study
of intrapleural L-NDDP in patients with MPM (Table 42.2). The L-
NDDP dose was 450mg/m2 and the treatment was given every 3 to 
4 weeks. To date 34 patients have been enrolled. In the initial eight
patients, the first course of L-NDDP was given at the time of thora-
coscopy. There were two treatment-related deaths, most probably due
to the method of drug infusion. One patient died of pneumonia with
peritonitis and the other due to sepsis secondary to chest wall celluli-
tis at the thoracoscopy site. In subsequent patients, the initial course of
L-NDDP was delivered via a Tenkoff or Denver catheter, 1 week after
the placement of the catheter and repeated every 3 to 4 weeks. No sig-
nificant side effects were observed in subsequent patients except mild
to moderate pleuritic chest pain, transient fever, mild nausea and 
vomiting, fatigue, and allergic reaction (grade 1–3). No significant renal
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Figure 42.1. Structure of cis-Bis-neodecanoato-trans-R,R-1,2-diaminocyclo-
hexane platinum (L-NDDP).

Table 42.2. Phase II trial of intrapleural L-NDDP in patients with
MPM
Number of patients enrolled 34

Evaluable patients 23
Number of patients not treated 4
Patients with no follow-up biopsies 7

Complete pathologic response 13/23 (57%)
Complete cytologic response 15/18 (83%) 



toxicity was observed. There were two grade 3 thrombocytopenias and
two grade 3/4 neutropenias and one grade 3 anemia.

Thoracoscopy-guided biopsies and cytologic examination of the
pleural fluid were performed at baseline and after one or two courses
of therapy to assess the pathologic response. Among 23 evaluable
patients who had pre- and posttreatment biopsies, 13 (57%) had a com-
plete pathologic response after treatment. Among 18 evaluable patients
with positive cytology, 15 (83%) showed complete cytologic response.
These results are very promising, especially when taking into account
the modest systemic and local toxicity seen with the treatment (17).

Conclusion and Future Directions

Intrapleural delivery is an effective way of delivering chemotherapy 
in patients with MPM. Intrapleural chemotherapy can be particularly
effective early, when the disease is limited to the pleural surface.
However, the current data with the adjuvant intrapleural chemo-
therapy is inconclusive and should not be routinely used except in the
setting of clinical trials. Our results with intrapleural L-NDDP are very
encouraging and warrant further studies either as a neoadjuvant or 
an adjuvant to debulking surgery or in combination with intravenous
chemotherapy.
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43
Management of Pleural Effusions 
in Mesothelioma
Shahriyour Andaz and Robert B. Cameron

Although malignant pleural mesothelioma (MPM) is nearly always
incurable, palliative therapy is often necessary. Pleural effusions are
probably the most common cause of symptoms requiring palliative
treatment in patients with MPM. Treatment of pleural effusions in
patients with MPM frequently is difficult, and one must keep the goals
of therapy (i.e., control of dypsnea and patient comfort), the wishes of
the patient, and the nature of the underlying process in perspective.
Since MPM-related pleural effusions can severely impair patients’
quality of life and can quickly relapse if treated inadequately, prompt
and effective measures should be taken to control this morbid problem.
The principles guiding therapy of MPM effusions also can be applied
in the management of other malignant pleural effusions.

Indications for Palliation

Palliation of MPM pleural effusions is indicated in any patient with
symptoms of dyspnea and significant pleural fluid. Furthermore, 
palliation may be indicated in patients without current symptoms or
minimal pleural fluid in anticipation of increasing pleural fluid collec-
tions. Most frequently, this opportunity occurs at the time of diagno-
sis, particularly when thoracoscopy is used. Palliative measures can
and should be used even if surgical resection is being contemplated,
since palliative measures do not interfere with the surgeon’s ability 
to resect all gross tumor with either an extrapleural pneumonectomy
or pleurectomy with decortication. Most often, palliative therapy for
pleural effusions is employed in patients with medical contraindica-
tions for major surgical resection, contralateral recurrence following
initial surgery, advanced disease (stage III/IV), or sarcomatous pathol-
ogy, or in patients who refuse surgical intervention.
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Methods of Palliation

Palliative measures for pleural effusions in MPM include pleurodesis,
drains, shunts, as well as other palliative therapies. By far the most
common technique for palliation is pleurodesis, but in selected patients
the use of external drains, internal shunts, and other palliative methods
all play a key role in accomplishing the goal of maximal palliation of
patient symptoms.

Pleurodesis

Pleurodesis is the mainstay of palliative treatment options for patients
with MPM and pleural effusions. Pleurodesis requires the apposition 
of the visceral and parietal pleurae. Loculated pleural fluid and tumor
may prevent this critical condition and, therefore, render attempts at
pleurodesis ineffective. Prior to any attempt at pleurodesis, every effort
should be made to maximize the expansion of the involved lung for
greatest benefit. Adjuvant surgical procedures may be required, such as
thoracoscopy, to drain loculated fluid collections and to debride fibri-
nous exudates on the lung. Patients with chronic effusions (i.e., those
present for greater than 4 to 6 weeks), however, may have developed a
layer of tumor covering the visceral pleura that prevents full reexpan-
sion. This situation, termed “trapped lung” (Fig. 43.1), can prevent appo-
sition of a large enough portion of pleura that pleurodesis alone will not
prevent reaccumulation of pleural effusions. In these cases, additional
procedures, such as external drainage, pleuroperitoneal shunts, and, in
selected patients, palliative decortication, must be considered. In cases
of minimal trapped lung, pleurodesis still may be performed, anticipat-
ing that only a small asymptomatic loculated area of fluid will accumu-
late in the area of pleural nonapposition. The possible development of
trapped lung should be kept in mind when deciding on treatment strate-
gies for pleural effusions associated with MPM. Prompt treatment,
including drainage and pleurodesis, produces results far superior to an
approach of observation or even intermittent thoracocentesis.

Chemical Pleurodesis
The most common technique used to control pleural effusion associ-
ated with MPM is chemical pleurodesis. Like other forms of pleural
symphysis, chemical pleurodesis is worthwhile only if the underlying
lung expands and pleural apposition is achieved. As soon as the effu-
sion is drained and the underlying lung expands fully, pleurodesis may
be performed. Currently, the most widely used compound is sterile,
asbestos-free talc, administered either as a powder or slurry, but other
“chemicals” also are used, including doxycycline (tetracycline is no
longer available in a sterile parenteral form), bleomycin, and nitrogen
mustard.

Talc Pleurodesis: Talc as a sclerosing agent was first used by Bethune (1)
in 1935 prior to surgery for tuberculosis to avoid pulmonary collapse.
Talc is a pulverized, natural, foliated, hydrated magnesium silicate 
that is passed through a mesh filter to eliminate large particles. Talc
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preparations vary in calcium, aluminum, and iron composition,
depending on the origin of the talc deposit, but have the approximate
chemical formula of Mg3(Si2O5)2(OH)2.

Mechanism. Upon contact with the pleural surface, talc induces an
interleukin-8 (IL-8)–mediated neutrophil influx into the pleural space.
Subsequently, macrophages accumulate (2), and release IL-8 as well as
macrophage chemoattractant protein 1.
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Figure 43.1. Posteroanterior (PA) chest x-ray (A) and computer tomography
(CT) scan (B) showing intrapleural space caused by trapped lung.
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Increased expression of adhesion molecules on mesothelial cells may
amplify the inflammatory response (3). Furthermore, talc instillation is
associated with a rapid and marked rise in mesothelial cell–derived
basic fibroblast growth factor (bFGF) in pleural fluid (4). Finally, with
successful talc pleurodesis, pleural fibrinolytic activity declines, sug-
gesting an important role of the coagulation cascade. When extensive
tumor covers both pleural surfaces, pleurodesis is less effective, further
supporting the key role of the mesothelial cell in pleural fibrosis.

Cost. Talc is the least expensive of all agents available for pleurodesis.
The cost for 5g of nonsterile talc is approximately $0.30, compared with
$86.00 for 500mg of doxycycline and $1,140.00 for 70 units of bleomycin
(5). Talc sterilization can be problematic, with anaerobic Bacillus species
cultured from talc received from six manufacturers in the United States
(6). Fortunately, however, sterilization generally can be accomplished
using several techniques, including dry heat, ethylene oxide gas, and
l-irradiation. All sterilization methods are economical, with dry heat
being the least expensive ($4.74 for 5g). Once sterilized, talc remains
bacterium free for at least 1 year.

Technique. Talc pleurodesis may be accomplished either by insufflat-
ing dry talc powder (poudrage) directly into the chest during surgery
(most commonly during thoracoscopy) or by injecting a talc “slurry”
through an existing chest tube. Intraoperative talc poudrage is rela-
tively straightforward and is facilitated by using aerosolized talc prepa-
rations. In the absence of other indications for surgery (i.e., loculated
effusion, need for pathology confirmation, incomplete expansion, etc.),
however, talc pleurodesis can and should be performed using a talc
slurry at the bedside, since this can be done without general anesthe-
sia and with a very high (>90%) success rate (see Efficacy, below). Pleu-
rodesis using talc slurry generally requires that a chest tube at least 20
French in size is used. Once complete drainage of the pleural fluid and
apposition of the pleural surfaces is accomplished, 5 to 6g of sterile talc
slurry in 120 to 180mL of normal saline containing 200mg of lidocaine
(20mL of 1.0% lidocaine solution) is instilled into the chest tube.
Usually the patient is medicated with a narcotic and often a benzodi-
azepine to maximize comfort during the procedure. The chest tube is
then clamped, and the patient is rotated into six different positions:
right and left lateral decubitus, supine, prone, sitting, and head down
(Trendelenburg) position every 15 to 20 minutes (11/2 to 2 hours total
time) to achieve uniform distribution of the talc slurry. The chest tube
is unclamped and placed to continuous suction. This process may be
repeated in 2 to 3 days if significant chest tube drainage continues,
although this is usually not necessary. When the drainage is less than
100 to 150cc/24 hours, the chest tube may be removed. Patients usually
can be discharged from the hospital within 72 hours if the procedure
is performed expeditiously. In the past, it was customary to wait until
the daily chest drainage was low before performing any pleurodesis;
however, this delays treatment often for days, is associated with the
development of adhesions, which may interfere with maximal pleu-
rodesis, and is completely unnecessary. Talc pleurodesis can be 
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successfully accomplished with instillation of talc immediately after
radiographic complete lung expansion even if the initial drainage
volume exceeds 150mL/24 hours. Talc pleurodesis has been performed
on occasion on an outpatient basis.

Morbidity. Chest pain and fever are the most common adverse effects
of talc as well as all pleurodesing agents. The intensity of chest pain
with talc ranges from minimal to severe discomfort. Although initially
patients always describe a “tight” or “burning” sensation, generally
medication prior to the pleurodesis with a narcotic and a benzodi-
azepine minimizes any discomfort. Because of the intense inflamma-
tory response, talc frequently causes fever (usually >38°C) occurring
characteristically 4 to 12 hours after instillation and lasting for no
longer than 72 hours. These initial “inflammatory” fevers generally are
not signs of infection and are treated simply with Tylenol. True infec-
tious complications (empyemas) have been reported in 0 to 11% of talc
slurry procedures (7), but should be uncommon if sterile techniques
are employed. Empyemas may occur if there is a preexisting pleural
infection or if a chronic indwelling chest tube is used for pleurodesis.
If there is any suspicion that a pleural infection exists, another agent
should be used for the pleurodesis. Finally, local chest tube site infec-
tions are rare (8). Cardiovascular complications, such as arrhythmias
(9), cardiac arrest (10), chest pain (11), myocardial infarction (12), and
hypotension (13) rarely have been reported. In many instances, it has
been difficult to distinguish complications arising from talc adminis-
tration from those occurring as a result of simultaneous surgical pro-
cedures. Most patients also have associated comorbid conditions that
increase the risk of developing complications.

Respiratory Insufficiency. Respiratory failure presenting as adult res-
piratory distress syndrome (ARDS) has been reported with both talc
poudrage and talc slurry. Rinaldo and colleagues (14) reported the
development of ARDS in three patients who received 10g of talc as a
slurry via a chest tube (two of the three patients recovered). Todd et al
(12) reported respiratory failure or pneumonia in seven patients. The
true incidence and pathophysiology of this catastrophic problem are
unknown. Contributing factors include the intense local and systemic
inflammatory responses to talc administration. A systemic as well as a
local inflammatory response has been shown to develop shortly after
pleurodesis with upregulation of systemic matrix metalloproteinases-
2 and -9 in a dose-dependent manner (15). Another contributing factor
is inadequate surfactant production. Rapid reexpansion of a collapsed
lung may exceed its ability to produce enough surfactant to cover the
much larger surface area of the expanded lung’s alveoli, thereby result-
ing in acute (noncardiogenic) pulmonary edema. Gradual reexpansion
of a lung, chronically compressed by a significant pleural effusion, over
at least 4 to 6 hours allows adequate time for surfactant production.

The talc preparation may be a contributing factor in the development
of talc-associated ARDS. The mean particle diameter in talc prepara-
tions varies from 10.8 to 33.6mm (16), while lymphatic channels of
pleural membranes in sheep have been shown to be 8 to 10mm in diam-
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eter (17). Talc, like most chemicals instilled into the pleural space, has
been documented in bronchoalveolar lavage fluid of patients (18) and
may enter the circulation through lymphatic channels in an inflamed
pleural membrane or directly through the lung alveoli. Preparations
using particles of smaller diameter may predispose to the development
of ARDS. It is interesting that the United States, which has the highest
reported incidence of ARDS following talc administration, also has the
smallest mean particle diameter in talc preparations (17). Talc dose also
may be a factor contributing to the development of ARDS. A rabbit
model comparing two doses of talc, 200 and 50mg/kg, found an
increased incidence of systemic talc deposition, fibrotic visceral pleural
thickening, and foreign-body granulomas with the higher dose (19).
Finally, other contributing factors could include excessive sedation,
chronic obstructive airway disease, and restrictive lung disease due to
infiltration of the lung parenchyma by the malignant process or pul-
monary fibrosis. In summary, although the pathophysiology of talc-
associated ARDS remains unclear, it is doubtful that the method of
administration plays a role. Talc dose and particulate size, however,
may be important factors, and for this reason, it would be prudent to
avoid talc preparations with small particle size and limit the total dose
to 5 to 6g. Due to the dosage concerns, bilateral, simultaneous talc 
pleurodesis procedures are not recommended.

Efficacy. There is a dearth of specific information regarding the efficacy
of talc pleurodesis in patients with MPM; however, there are many
studies utilizing talc for malignant pleural effusions of all types. In
prospective randomized trials, talc controlled malignant effusion in
over 90% of cases and was superior when compared to doxycycline 
in a series of 33 patients both in the short (p = 0.009) and long term 
(p = 0.00003) (20). A review of the English-language literature from 
1966 to 1994 identified 1168 patients treated with different chemical
agents for malignant pleural effusions. Talc was noted to be the most
effective overall, with a success rate of 93%, compared with Corynebac-
terium parvum (CP) (76%), tetracycline (67%), doxycycline (72%), and
bleomycin (54%) (21). In another review of 32 case series of predomi-
nantly malignant effusions, talc was effective either completely or 
partially in 659 (91%) of 723 cases (22). Cardillo et al (23) reported 93%
control of recurrent mesothelioma-related effusions with thoracoscopic
insufflation of 5g of sterile purified talc. Operative mortality rate was
less than 1%, and there were no episodes of ARDS. Similar results were
reported by Schulze et al (24) in 105 patients with malignant pleural
effusion in whom video-assisted thoracic surgery (VATS) with talc
insufflation resulted in relief of dyspnea in 92% of cases. Effective 
palliation of MPM-associated pleural effusions can be associated with
survival of up to 7 months, particularly with epithelioid tumors (25).

Other Chemical Agents: Chemical agents (other than talc) used for pleu-
rodesis include bleomycin, doxycycline, oxytetracycline, silver nitrate,
and nitrogen mustard. “Chemical” pleurodesis also can be accom-
plished with live agents, such as CP. Senyigit et al (26) compared the
efficacy of oxytetracycline (OT), CP, and nitrogen mustard (NM) in 117
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patients who had at least stage II malignant mesothelioma according
to the Butchart staging system. At 1- and 3-month follow-up, OT (81%,
90 days) and CP (86%, 79.3%) led to a significantly higher rate of suc-
cessful pleurodesis as compared to NM (48.2%, 41%). Patients receiv-
ing NM had a higher incidence of nausea-vomiting and hypotension
(47%) compared to OT (4%) and CP(5%). These results suggest that OT
and CP may be used as effective sclerosing agents for pleurodesis in
the control of pleural effusions in patients who otherwise are not can-
didates for the use of talc. Other inexpensive alternatives, like silver
nitrate, also have been tried with few side effects, but the success rates
have been inferior to that of talc (27).

Since “chemical” pleurodesis is mediated through cytokine produc-
tion, direct intrapleural injection of cytokine(s) might avoid the need
to use chemicals to induce pleural inflammation. Lee et al (28,29)
demonstrated that transforming growth factor-b (TGF-b) could cause
pleural adhesions without a severe inflammatory response in an animal
model. Despite a dose-related increase in the intrapleural fluid occur-
ring in the first 72 hours, the amount of pleural fluid decreased by day
5. In addition, the white blood cell content of the pleural fluid was sig-
nificantly less than with talc or doxycycline administration, indicating
a less severe inflammatory response. However, TGF-b is too expensive
to use routinely.

Mechanical Pleurodesis
Some patients undergoing surgery, i.e., thoracoscopic biopsy or
drainage, may not be candidates for talc pleurodesis (due to active
pleural infection, etc.). These patients may be treated best with 
mechanical methods of inducing pleural symphysis.

Mechanical Abrasion: Mechanical methods of pleurodesis require 
surgical intervention. Pleurodesis at the time of thoracoscopy may 
be carried out by mechanical abrasion of the pleura, inciting an 
inflammatory process similar to that of chemically induced reactions
described above and facilitating pleural symphysis (30). Mechanical
pleurodesis for pneumothorax has been well described (31). The pari-
etal pleura can be mechanically abraded with gauze, the rough surface
of a cautery scratch pad, or a mechanical rotary brush (32). In selected
cases of malignant pleural effusions requiring pleurodesis when simul-
taneous pleural infections are suspected, loculated pleural fluid can be
drained, lung can be partially decorticated and expanded, and parietal
pleura can be mechanically abraded as part of a single procedure.

Limited Pleurectomy: In a small group of highly selected patients, inad-
equate lung expansion leaves a residual pleural space that leads to
failure of all attempts at pleurodesis due to visceral pleural encasement
and lack of pleural apposition. Symptoms may persist and may not be
palliated well by other means of treatment (i.e., large-bore drainage,
etc.). In these patients, a limited palliative decortication may be con-
sidered if the expected patient survival is significant. Martin-Ucar et al
(33) found that decortication was required in 66% of a series of 51 con-
secutive patients with unresectable mesothelioma. Significant improve-
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ment in dyspnea was obtained up to 3 months following surgery. The
procedure, however, was associated with a 30-day mortality rate of
7.8% and significant morbidity. One-year survival was only 31% but
was significantly higher in those with epithelial tumors and without
preoperative weight loss. Thoracoscopic pleurectomy may offer signif-
icant advantages in terms of surgical morbidity and mortality. A
combination of thoracoscopy cytoreductive pleurectomy and lung
mobilization was found to effectively obliterate the pleural space in
nearly 75% of cases (34). Cardillo et al (23) recently reported the use of
thoracoscopy in 29 patients to remove visceral pleural tumor that
limited lung expansion after drainage of pleural effusions. Significantly
better effusion control was reported than with talc poudrage alone 
(11).

Drainage Procedures

Following drainage of MPM-related pleural effusions, there may be 
significant limitation of lung expansion by encasement of the visceral
pleural with tumor. This finding is termed “trapped lung” (Fig. 43.1).
The resulting pleural space that is not filled by lung parenchyma, if 
significant, leads to failure of attempts at pleurodesis, reaccumulation
of large amounts of pleural fluid, and often recurrent or persistent
symptoms of dyspnea. In many of these patients, drainage of the 
space, despite persistence of the trapped lung, alleviates or markedly
improves symptoms. Such palliation can be accomplished through a
number of different drainage approaches.

Tube Thoracostomy
Except for short-term drainage, the use of standard chest tubes to drain
persistent pleural spaces associated with trapped lung is mentioned
only to be condemned. These types of chest tubes are uncomfortable,
inconvenient, and a source of infection (empyema). Their use does not
provide good palliation in these terminal patients.

Pleurx Catheter Drainage
Patients determined to have significant trapped lung following drain-
age of pleural effusions can be treated with a Pleurx pleural catheter
drainage system (Denver Biomedical, Golden, CO; Fig. 43.2). The
Pleurx catheter is a soft Silastic catheter with multiple fenestrations.
The catheter is placed into the pleural space with the Seldinger tech-
nique under local anesthesia utilizing a dilator and peel-away sheath.
The catheter itself has a Teflon cuff that provides a barrier to ascend-
ing infections and a one-way valve that is accessed with a sterile plastic
catheter for drainage. With a catheter in place, pleural effusions can be
drained intermittently at home by trained family members or care-
givers. Pleural catheters are a treatment option that allows terminal
patients to be treated on an outpatient basis (35). The advantages of
pleural drainage catheters (PDCs) are outlined in Table 43.1.

The use of pleural catheters has been described by Ohm et al (36) for
trapped lung following drainage of malignant pleural effusions. They
compared the outcomes, safety, and efficacy with that of thoracoscopy
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Figure 43.2. A: Pleurx catheter. B: Drainage bulb. (Photographs reprinted with
permission of Denver Biomedical, Golden, CO.)

Table 43.1. Pleurx benefits (compared to standard chest tube drain-
age and pleurodesis)
Allows outpatient/ambulatory management of malignant pleural effusions
Palliates symptoms of dyspnea even in patients with trapped lung
Decreases or eliminates hospitalization for effusion-related problems
Decreases or eliminates the need for repeated thoracenteses for recurrent 

effusions

A

B



and talc pleurodesis (TP). Forty-one consecutive patients with symp-
tomatic effusions were enrolled and those without full lung expansion
had pleural catheter placement. Thoracoscopy with TP was performed
in seven patients, and 34 patients had PDC placement. In 19 (56%) PDC
patients the length of stay was less than 2 days. Although a significant
number (68%) of patients died during the follow-up period, the PDC
system still appeared to be efficacious, with a shorter length of stay
(LOS) and increased quality of life. Pien (37) describes inserting soft
pleural catheter for outpatient drainage in 11 patients with pleural effu-
sions, with the catheters remaining in place until death, from 15 to 234
days (mean 115 days). One patient required revision after catheter
occlusion, and other complications included catheter infection, local-
ized skin breakdown, and cellulitis. Ten of 11 patients reported symp-
tomatic benefit with the pleural catheters. Putnam et al (38) conducted
a prospective randomized trial comparing the effectiveness and safety
of the Pleurx catheter with chest tube and doxycycline pleurodesis.
There was no treatment-related mortality or major morbidity. Pleurx
catheter–treated patients had initial hospital treatment success of 92%
with spontaneous pleurodesis occurring in 70%. The Pleurx catheter
was found to be safe and as efficacious as chest tube and sclerosis with
considerably shorter LOS (1 day versus 6.5 days).

The use of pleural catheter systems also has been shown to be cost-
effective (39). Outpatients treated with pleural catheters (none required
admission) had mean charges of $3400 as compared to inpatients,
whose mean charges ranged from $7000 to $11,000. Outpatient pleural
catheter drainage was confirmed to be safe, cost-efficient, and success-
ful without significant morbidity.

Pleuroperitoneal Shunt
Pleuroperitoneal shunts have been implanted in symptomatic patients
with trapped lung for chronic drainage of effusions (40). Use of these
shunts is limited to patients who can manually compress the pump
(internal or external; Fig. 43.3) up to 100 times a day. Tumor implanta-
tion into the peritoneal cavity is an anticipated consequence and can
adversely affect patients’ course. Baeyens and Berrisford (41) reported
extensive subcutaneous tunnel infiltration within 9 weeks of place-
ment of Denver shunts (Denver Biomaterials, Surgimed Inc., Golden,
CO; Fig. 43.3). Advanced cases with extremely poor overall survival,
however, are unlikely to be affected by tumor seeding. Schulze et al
(24) reported a small series of cases with thoracoscopic placement of
Denver shunts between pleural and peritoneal cavities. Despite place-
ment under direct vision, surgical reintervention was required in two
of 14 patients (14%) for shunt dysfunction. A similar rate was reported
in a larger series from the Brompton Hospital (42). Other complica-
tions included shunt occlusion, requiring revision or replacement; skin
erosion; infection; and malignant seeding along the chest wall at the
site of shunt insertion. Peritoneal seeding was not detected as a clini-
cal problem. In this series, patients survived somewhat longer, with a
median survival of 10.1 months, and effective palliation was achieved
in 95%.
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Other Therapies

Intracavitary Chemotherapy and Hyperthermia
For patients with malignant pleural effusions whose disease is not
readily responsive to systemic chemotherapy, local measures may be
necessary. Intrapleural chemotherapy has the potential advantage of
treating the underlying malignancy in addition to providing local
control. Concentration is related to the clearance rates, which is deter-
mined by the characteristics of the cavity and the drug (molecular
weight, lipid-water coefficient, association constant, concentration of
the drug, sites of metabolism and mode of excretion). The intracavitary
levels of a chemotherapeutic agent administered into the pleural space
can be manyfold higher than the systemic levels. Studies have found
that the concentration of the intrapleural agents was threefold to five-
fold greater than those given systemically (43).

One of the earliest papers addressing this treatment in mesothelioma
patients described the use of weekly doxorubicin for 4 weeks fol-
lowed by monthly administration (44). Mean survival was 21 months.
Kermani et al (45) treated 17 patients with intrapleural cisplatin with
only two responders.

In 1994 forty-six patients with cytologically proven symptomatic 
and previously untreated malignant pleural effusions were entered 
by the Lung Cancer Study Group (LCSG) in a study incorporating
intrapleural cisplatin and cytarabine (46). Cisplatin as a single dose and
cytarabine were instilled into the pleural space via a chest tube that was
then immediately removed. The overall response rate, complete plus
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partial, at 3 weeks was 49%. Toxic complications included reversible
grade 3 renal toxic reactions in one patient, grade 3 hematologic toxic
reactions in three patients, and grade 3 cardiopulmonary toxic reactions
in five patients. Median length of response was 9 months for a complete
remission and 5.1 months for a partial remission.

Although chemotherapy has the potential advantage of treating the
underlying malignancy in addition to controlling the malignant effu-
sion, intracavitary cisplatin and cytarabine therapy as administered,
appears inferior to existing sclerosing agents for the control of malig-
nant pleural effusions. Although administration is safe, it cannot be rec-
ommended for the standard control of malignant pleural effusions, but
it may have a role incorporated into combination modality therapies
for diseases such as malignant pleural mesothelioma.

Intracavitary chemotherapy is more effective in treating peritoneal
mesothelioma (23% response rate) than lung mesothelioma (12%
response rate). Intracavitary cisplatin therapy requires intravenous
sodium thiosulfate to prevent cisplatin-induced nephrotoxicity. 
Mitomycin C, doxorubicin, and epirubicin have also been effective
intraperitoneally.

A median survival period of 403 days was recently reported in a
study in Japan examining the effectiveness of repeated intrapleural
chemotherapy using an implantable access system (INFUSE-A-PORT;
Horizon Medical Products; Manchester, GA) (47). 5-fluorouracil (5-FU;
250mg per body) and cisplatin (10mg per body) were administered
through the implantable access biweekly at the outpatient clinic. Exces-
sive fluid was drained when symptomatic. The treatment was well 
tolerated with no treatment-related mortality, renal dysfunction, bone
marrow suppression, or infection. One patient experienced a hemo-
thorax after eight intrapleural administrations. The port and the
catheter were involved with the tumor in one patient.

The addition of hyperthermia to chemotherapy in the treatment of
pleural mesothelioma was done in the hope of enhancing results 
(48). Rusch et al (49) reported that 16 of 20 patients experienced a
locoregional relapse in a series of 28 patients who were treated with
intrapleural cisplatin and mitomycin following pleural decortication.
Although the overall survival in this series of primarily early-stage pa-
tients was 17 months, there were serious toxicities. Theoretically, hyper-
thermia improves the efficacy of chemotherapy by increasing drug
absorption, by its effects on DNA synthesis, and by cell membrane 
permeability (50).

Carry et al (51) reported a series of five patients using hyperthermic
chemotherapy. Three patients with mesothelioma were treated with
heated mitomycin C, and two received cisplatin following pleurectomy.
Two of the three mesothelioma patients were dead at 4 and 11 months,
and both of those who were resected developed early ipsilateral pleural
recurrence.

The role of intracavitary chemotherapy needs to be further evalu-
ated using newer chemotherapeutic agents with fewer systemic side
effects. The role of intracavitary chemotherapy needs to be further
defined.
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Radiotherapy
Most patients presenting with MPM are suitable only for palliative
treatment. Radiotherapy has not been shown to improve survival in
patients with this disease, but it is of use in the palliation of symptoms.
In a retrospective review of 111 patients with MPM referred to the Peter
MacCallum Cancer Institute, the palliative effect of radiotherapy was
analyzed. More than half of the patients whose response could be
assessed had some symptomatic relief from the radiotherapy treat-
ment. No dose-response relationship could be found (52).

Radiotherapy has also been used to prevent recurrence after a 
percutaneous procedure on mesothelioma patients. A randomized
prospective study assessed the efficacy of local radiotherapy in pre-
venting malignant seeding along with invasive diagnostic procedures
(cytology, needle biopsy, thoracoscopy, or chest tube placement). Forty
consecutive patients with histologically proven malignant mesothe-
lioma were enrolled. Twenty patients received three daily sessions of
radiotherapy at a dosage of 7 Gy 10 to 15 days after thoracoscopy. The
other 20 patients did not receive radiotherapy. None of the 20 patients
treated developed entry-tract metastasis. In contrast, eight of the 20
(40%) patients who were not treated developed metastases. These find-
ings confirm the efficacy and safety of early local radiotherapy in 
preventing malignant seeding after invasive diagnostic procedures in
patients with MPM (53).

Chest pain is a frequent symptom, and radiotherapy can provide pal-
liation in 50% to 68% of these patients (54). Although there was early
symptomatic relief after 30 Gy delivered in 10 fractions, symptoms
recurred in nearly all patients within 5 months after radiotherapy (55).
Radiation-induced damage to the mediastinum and spine prohibits the
use of large doses of radiation, suggesting the use of high fraction size
and small field. Pain was better controlled in patients receiving a 
4-Gy/fraction scheme versus those receiving fractions of less than 4 Gy
(50% vs. 39%) (56). Due to limited palliation provided by radiotherapy
alone, the possibility of a combination of radiotherapy with cytotoxic
agents or cytokines needs to be evaluated in future clinical trials.

Immunotherapy
Studies have shown that asbestos fibers (amosite, crocidolite, and 
particularly, chrysotile) suppress natural killer (NK) activity of nylon
wool, nonadherent, human blood lymphocytes in a dose-dependent
fashion (57,58). This suppression of NK activity can be fully restored
by exposure to recombinant IL-2 (59,60). Other work suggests that
MPM inhibits the function of tumor infiltrating lymphocytes as mea-
sured by decreased interferon-g (IFN-g) production through the release
of TGF-b (60). Transfection of the IFN-g gene into established mesothe-
lioma tumors resulted in tumor infiltration with CD4+ and CD8+ T lym-
phocytes and significant regression in a murine model (61). The use of
IFN-g itself has been shown to directly inhibit MPM cell growth in 
16 of 32 mesothelioma cell lines (62). Interferon-a (IFN-a) similarly
inhibits growth of mesothelioma cell lines (63) and has been shown to
reverse the depression of lymphocyte activities, enhance the number
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of tumor-infiltrating lymphocytes and macrophages, and attenuate
both IL-6 messenger RNA (mRNA) expression and serum IL-6 levels
in mice with MPM (64). These data suggest that modulation of the
immune milieu of the pleural space may lead to improved host
responses to MPM and possibly to improved control of pleural effu-
sions. This concept has been explored primarily with two types of
cytokines, interferons and interleukins.

Interleukins: Although there are a number of reports using IL-2 to treat
MPM (65,66), data on the use of IL-2 specifically to palliate pleural 
effusions associated with MPM is limited. A phase I trial of intrapleural
recombinant IL-2 as passive immunotherapy for malignant pleural
effusions included 15 patients with MPM (67). A maximum tolerated
dose (MTD) was determined to be 24 ¥ 106 IU/m2/day for the 5-day
continuous infusion. There was one complete response and six partial
responses for an overall response rate of 46.67% (7/15). Side effects
occurred in 50% of the patients treated at the MTD and consisted
mostly of fluid retention. A phase II trial was reported involving 31
patients given intrapleural IL-2 (9 ¥ 106 IU twice weekly for 4 weeks)
followed by subcutaneous IL-2 (3 ¥ 106 IU) for up to 6 months in
responding patients (68). The median number of injections was seven
(range 2–8), and side effects included neuropathy, weight gain, fever,
heart failure, and gastrointestinal symptoms. Using the Paladine 
criteria, there was no recurrence of effusion within 1 month in 39%
(12/31) and minimal asymptomatic fluid in another 52% (16/31). There
was an accompanying response in solid tumor disease in 22% (one
complete and six partial responses) and stabilization in another 32%
(10/31).

Interferons: Although interferons (-a, -g, and -b) have been used as
potential treatments for MPM, very little data exist expressly related 
to the palliation and control of MPM-related effusions. Monnet et al
(69) conducted a multicentric pilot phase II study to evaluate the 
tolerance and the activity of intrapleural interferon-g and autologous
human activated macrophages (AMfs) in patients with stage IA, 
IB, and IIA malignant pleural mesothelioma; AMfs were injected
intrapleurally and followed 3 days later with intrapleural infusion of
interferon-g (9 ¥ 106 IU). This was repeated once a week for 8 weeks.
Fever was the most frequent toxicity, mainly after IFN-g injection.
During follow-up, if there was progression of disease, patients received
additional chemotherapy. The overall tumor response rate was 14%,
but there was “pleural symphysis” in 50% (7/14) of patients who com-
pleted the therapy but only in 36.8% (7/19) of all patients entered into
the study. A prospective multiinstitutional study evaluated the efficacy
of intrapleural treatment with INF-g in 89 patients with Butchart stages
I and II (70). The overall tumor response rate was 29% with eight com-
plete responses confirmed by histology and nine partial responses.
Interferon-a is perhaps the most widely studied cytokine in the treat-
ment of mesothelioma. Information regarding the control of MPM effu-
sions, however, is still scarce. Recombinant interferon-a2b has been used
in the management of malignant pleural effusions with success rates
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of up to 100%, but these studies did not include patients with mesothe-
lioma (71,72). One study comparing IFN-a (20 ¥ 106 IU) with IFN-b (6
¥ 106 IU) and with IL-2 (6 ¥ 106 IU) given weekly for 2 to 3 weeks found
that 56% (39/70) of pleural effusions were controlled (73). There was
no difference in efficacy between IFN-a and IFN-b; however, both were
inferior to IL-2 therapy.

Special Considerations

At times an empyema can mimic a malignant mesothelioma (74) and
the surgeon is confronted with a mesothelioma. A limited palliative
pleurectomy may be carried out (75) at the time of the initial explo-
ration; however, in the bigger picture, this is detrimental and should
be strongly discouraged, as it significantly interferes with subsequent
more definitive treatment and procedures.

Summary

The mainstay of unresectable malignant mesothelioma remains the
control of patients’ symptoms. Most patients survive only a few months.
Talc is the single most commonly used agent for pleurodesis either as
slurry or by poudrage. The use of talc is not without complications.
Cytokines hold promise, but additional work and reduced costs are 
necessary. The search for an ideal agent for pleurodesis continues.
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44
Preoperative Chemotherapy 

and Surgery
Eric Vallières

Combined modality therapy has been shown to be of some thera-
peutic value in the management of selected patients with early-stage
pleural mesothelioma (1–5). This approach to mesothelioma has largely
been pioneered by the Brigham and Women’s Hospital group in
Boston, which reported combining upfront extrapleural pneumonec-
tomy with sequential adjuvant chemotherapy and radiotherapy (2,4,6).
Encouraged by these results, we initiated in 1997, a treatment program
of early-stage mesotheliomas at the University of Washington Medical
Center, combining the same three modalities but in a different
sequence: induction chemotherapy, followed by extrapleural pneu-
monectomy, and then adjuvant hemichest radiation therapy (7).

In the postoperative setting, it was our impression that chemother-
apy often had to be delayed, the dose reduced or terminated prema-
turely, and that it was a very difficult undertaking in most patients
recovering from extrapleural pneumonectomy. Similarly, adjuvant
radiotherapy was rarely delivered as planned when sequenced after
postoperative chemotherapy in these patients.

As well, our and others’ experiences with preoperative chemother-
apy in the treatment of lung and esophageal cancers seemed encour-
aging at the time. In theory, the advantages of induction chemotherapy
may be (1) improved tolerance of chemotherapy in the preoperative
setting, (2) a better and easier delivery of chemotherapy when com-
pared to postoperative therapy, (3) early treatment of micrometastases,
and (4) cytoreduction with potentially improved resectability. In addi-
tion, giving radiotherapy alone in the postoperative setting may allow
a better, earlier, and more consistent delivery.

The University of Washington Experience

Over the past 6 years, we have adhered to this sequence of chemother-
apy first and then surgery and radiation. However, we have allowed
modifications to the chemotherapy regimen used (8,9) and to the radi-
ation therapy as well (10).
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Initially in 1997, we favored the induction use of the cisplatin/
methotrexate/vinblastine (PMV) triplet based on our own experience
with this combination in patients with advanced nonsurgical disease
(11). Since then, other combinations have been allowed: cisplatin/
gemcitabine, carboplatin/gemcitabine, or, more recently, cisplatin/
pemetrexed (Lilly Oncology–Compassionate Drug Use program) 
(8,9).

Early on, we favored the use of adjuvant fast neutron radiotherapy
in these patients, based on our own experience with neutron radiation
in sarcomas and other malignancies that shared many similarities 
with mesotheliomas. However, a large proportion of our patients came
to Seattle from out of town, and many preferred to be treated in radi-
ation therapy facilities located closer to home where neutrons were not
available. Following the report by Rusch et al (10) in 2001, describing
superb locoregional control rates with adjuvant external-beam high-
dose hemithoracic photon radiation after extrapleural pneumonec-
tomies, we have treated everyone as per the Memorial Sloan-Kettering
Cancer Center protocol.

To date, we have screened over 150 patients with mesothelioma and
have offered this trimodality treatment to approximately 40, 20% of
whom preferred to be treated elsewhere or not to be treated at all. The
majority of patients that were not offered this approach presented with
nonsurgical disease or were considered too frail to withstand the 
combined treatments, the surgery, or both. As of September 2003, 33
patients had completed the initial two phases of their treatment. The
great majority of patients had epithelial histology, with only three
patients presenting with sarcomatous or mixed histology. Utilizing the
Brigham’s staging system, initial clinical stages at presentation were
distributed as follows: stage I (n = 13), stage II (n = 15), and stage III 
(n = 5).

Preoperative Chemotherapy

By design, the goal was to give two cycles on induction chemotherapy
and then reimage. If there was radiologic evidence of a response or
stable disease and the agents were well tolerated by the patients, two
more cycles of the same chemotherapy were administered. Of the first
19 patients who received preoperative PMV therapy, 15 received all
four cycles as planned (79%). In later years, as other combinations
became available, four other patients were initiated on PMV but were
switched to different chemotherapy after one or two cycles because of
cisplatin toxicity (two) or disease progression (two). Seven patients ini-
tiated cisplatin-gemcitabine chemotherapy, three completing all four
cycles, one only three, and the other three patients switched to some-
thing different because of cisplatin toxicity (two) or progression (one).
Our last three patients received the combination of cisplatin- peme-
trexed preoperatively for four cycles in two and six cycles in one.
Overall, of the 33 patients treated, 29 received three or more cycles of
chemotherapy preoperatively (88%).
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Clinical Response

Two patients were asymptomatic at the initiation of their treatment.
Twenty-one patients (63.6%) showed an improvement of their disease
symptoms on chemotherapy, while nine (27.3%) were unchanged.

Radiologic Response

Two patients had normal computed tomography (CT) of the chest at
initiation and at completion of chemotherapy; hence, their radiologic
response could not be assessed. Thirteen patients (39.4%) had an
imaging response to the chemotherapy (less effusion, decreased tumor
mass, and/or less nodal involvement) (Figs. 44.1 and 44.2), 12 patients’
tumors remained stable (36.4%), and six showed progression of the
disease (18.2%).

Morbidity of Induction Chemotherapy

Grade 3 or higher toxicity from the chemotherapy was seen in eight
patients (24.2%), mainly hematologic; none were fatal. Grade 1 or 2
complications occurred in 27 patients (81.8%).

Surgery

Four patients, unfortunately, were found to be unresectable at ex-
ploration. One had clinical stage III disease at presentation, showed 
no response to chemotherapy, and was found at thoracotomy to have
extensive involvement of multiple ribs. A 78-year-old man initially
with clinical stage I disease had questionable resectability along his
descending aorta, and the surgery was aborted when dissection in the
area resulted in a multilevel partial-thickness injury to his aortic wall.
Two other patients had clinical stage I disease at presentation, failed 
to respond to chemotherapy, and were found to have extensive chest
wall involvement at exploration associated with internal mammary
nodal disease in one case and extrapleural paravertebral nodal disease
in the other. The 29 other patients successfully completed the planned
extrapleural pneumonectomy, 19 being right sided. Surgery times
range from 235 to 470 minutes, with a mean of 318 minutes. Blood
losses during surgery ranged from 250 to 1700mL, with a mean of 
750mL. Length of stay in the hospital after extrapleural pneumonec-
tomy varied from 5 to 19 days a mean of 8.9 days.

Thirty-Day Mortality of Extrapleural Pneumonectomy After
Induction Chemotherapy

Only one death occurred during initial hospitalization or within 30
days of surgery (3% of all patients explored, 3.5% of patients under-
going extrapleural pneumonectomy). The one death was a 60-year-old
man who had sustained atrial fibrillation after surgery and had a fatal
stroke on the day of his planned discharge, 12 days after surgery.
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Figure 44.1. A 68-year-old man with early-stage epithelial right-sided
mesothelioma, diagnosed in December 1996 (A) that was left untreated until
March 1997, when he started cisplatin/methotrexate/vinblastine (PMV) induc-
tion chemotherapy (B). Chest imaging after three cycles of chemotherapy (C)
and preoperatively after four cycles (D) demonstrates a decrease in the size 
of his predominant pleural nodule and lessening of his pleural effusion. (No
thoracocentesis or pleurodesis performed while on chemotherapy.)
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Figure 44.1. Continued
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Figure 44.2. A 56-year-old woman with a clinical stage II left-sided epithelial
pleural mesothelioma at presentation. A,B: Preoperative CT shows significant
decrease in the size of her predominant mass after three cycles of PMV
chemotherapy. C: Imaging of her chest 6 months after left extrapleural chemo-
therapy and adjuvant radiotherapy. Following surgery, her mesothelioma was
staged T3N0M0R1. She lived for 48 months from the time of her diagnosis.

A
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Ninety-Day Mortality of Extrapleural Pneumonectomy After
Induction Chemotherapy

Two other deaths occurred from 30 to 90 days after surgery (3/33, 9%).
Both patients had initially been discharged from the hospital in the first
week after uncomplicated surgery. A 61-year-old man died on day 49
of complications of a pneumonia he sustained 3 weeks after surgery,
having been previously discharged 6 days after an uneventful resec-
tion. A 58-year-old man died of presumed pulmonary emboli and 
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respiratory failure at home, 4 weeks after surgery. He had had an
uncomplicated hospital course, having been discharged on day 7.

Early Complications of Extrapleural Pneumonectomy After
Induction Chemotherapy

Following surgery, 10 patients sustained major early complications
(34%) including one reexploration for bleeding and two for diaphrag-
matic dehiscence, one where the omentum had been carried through
the right diaphragmatic reconstruction to cover the bronchial stump.
Including these three patients, six patients required reintubation in
their early postoperative management. Minor complications were seen
in 80% of the patients, the most common being atrial fibrillation in 11
of the 29 patients (38%).

Delayed Complications of Extrapleural Pneumonectomy After
Induction Chemotherapy

A significant number of patients needed to be readmitted following
initial hospital discharge for a variety of reasons including poor pain
control, pneumonia, or postpneumonectomy empyemas. Of the first 16
patients, six sustained postpneumonectomy empyemas, two with
bronchopleural fistulae. We have since routinely been using mupirocin
nasal ointment prophylaxis starting 3 to 5 days before resection in all
patients and have seen only one postpneumonectomy empyema in the
next 17 patients. This occurred 10 months after initial surgery and was
not associated with a bronchial fistula.

Delivery of Radiotherapy

Five patients did not receive adjuvant radiotherapy because of early
death (three), early development of brain metastases within 6 weeks of
resection (one), or the presence of an empyema with bronchopleural
fistula (one). The other 28 patients were able to start their planned adju-
vant radiation therapy within 4 to 11 weeks after extrapleural pneu-
monectomy (median 6 weeks) (28/33, 85%).

Survival

To date, of the 29 patients who underwent resection, 12 patients are still
alive 6 to 65 months from the date of their diagnosis, three having had
their surgery in the past 6 months (mean survival 21 months, median
26 months). For the 33 patients, our mean survival to date is 22 months
from the time of diagnosis.

Other Experiences Published

In 2002 we reported on the feasibility of this induction chemother-
apy approach to mesothelioma, combining our series with the Mayo
Clinic’s in Rochester. At the time, 31 patients were reported (12). In this
two-institution series, nearly 90% of the patients completed all three
phases of therapy and there was only one early postoperative death.
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The same year at ASCO, Kestenholz and colleagues of (13) the SAKK
reported on 16 patients with mesothelioma treated in the same tri-
modality sequence. Induction chemotherapy consisted of three cycles
of cisplatin and gemcitabine and was successfully delivered in 15 of
the 16 patients (94%). Ten patients (62.5%) were reported as having had
a response to chemotherapy or stable disease, and six progressed. Thir-
teen of the patients underwent extrapleural pneumonectomy (81%).
There was no operative death and minimal operative morbidity. Ten
patients received postoperative radiotherapy. At the time of this report,
three patients were alive without evidence of disease at 18, 19, and 24
months. The 2-year survival was 30% with a median of 21 months (13).
In 2003, at ASCO, Cacciari et al (14) reported on 10 patients with stages
I and II epithelial mesotheliomas who received three cycles of induc-
tion cisplatin and gemcitabine chemotherapy followed by extrapleural
pneumonectomy and then adjuvant mitoxantrone/methotrexate/
mitomycin chemotherapy. Patients with nodal involvement or positive
resection margins were also given adjuvant hemithorax radiotherapy.
There was one perioperative death (10%). When reported, four patients
were alive 15, 23, 28, and 31 months after the start of their treatment.
These two European experiences are very similar to that of the Mayo
Clinic and ours.

Conclusion

The sequence of induction chemotherapy, extrapleural pneumonec-
tomy, and adjuvant radiotherapy is certainly feasible in selected
patients with mesothelioma. This sequence can be completed as
planned in a high proportion of patients. In this limited experience,
induction chemotherapy does not appear to be increasing the periop-
erative mortality and complication risks of extrapleural pneumonec-
tomy. Whether this multimodality sequence is superior to the strategy
of surgery first followed by chemotherapy and radiotherapy will
require further study and the experience of other centers.
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Photodynamic Therapy for 

Pleural Mesothelioma
Evelio Rodriguez, Paul Baas, and Joseph Friedberg

Malignant pleural mesothelioma (MPM) is still regarded as a terminal
cancer with no treatment modality accepted as the standard of care.
The disease commonly presents as a pleural effusion, which defies
diagnosis. Although there are now batteries of immunohistochemical
stains that are most consistent with the diagnosis of mesothelioma, 
it can still be difficult, even with pleural biopsies, to establish the 
diagnosis. The tumor tends to spread diffusely, generally within one
hemithorax, eventually invading all local structures. Even though
autopsy studies of patients with MPM revealed that more than 50% of
patients had metastasis (1), patients usually succumb to the disease
before the effect of the metastases become clinically evident. Surgery
alone has little impact on the vast majority of mesothelioma cases and
is associated with high local recurrence rates and low survival rates (2).
As a result, combinations of surgery with adjuvant treatment aimed at
residual microscopic disease remain the most aggressive and, arguably,
the most effective treatment strategy. A number of innovative adjuvant
treatments have been employed, including photodynamic therapy
(PDT), a light-based cancer treatment. This chapter focuses on the role
of PDT in the treatment of mesothelioma.

Photodynamic Therapy for Mesothelioma

Surgical Debulking

The concept behind the combination of surgery and PDT for mesothe-
lioma is that the surgery is used for debulking of all gross disease and
the PDT is used to treat the residual microscopic disease. It is naive 
to assume that there will not be at least microscopic disease remain-
ing after even the most radical resection for a pleural mesothelioma
that has presented in the usual diffuse manner. As a result, one can 
only achieve macroscopic debulking of the disease. This can be accom-
plished by a lung-sparing pleurectomy or an extrapleural pneumonec-
tomy (EPP). Although it may be a challenging operation, EPP is the
easiest way to achieve a complete debulking; however, it is likely to

667



have significant detrimental impact on the patient’s hemodynamic and
pulmonary reserve. Thus, our preference is to perform lung-sparing
procedures whenever possible, the technique of which is described
below.

Overview

Photodynamic therapy is a technique for killing tumors that utilizes a
photosensitizer that is activated by visible light. Photosensitizers may
be preferentially taken up by, or retained in, tumor cells (3,4). Once
inside the cells, the photosensitizer is activated with a laser light of a
wavelength specific to the sensitizer’s absorption spectrum. Activation
of the photosensitizer in the presence of molecular oxygen results in
the production of excited species of oxygen capable of inducing cell
death. Cell death occurs by apoptosis or from direct destruction of
certain cellular elements (5,6). In addition, PDT may result in neovas-
cular damage that may compromise the tumor’s blood supply (7).
Finally, PDT of tumors enhances the host antitumor immune system’s
response (8,9).

Photosensitizers

So far, only two commercially available photosensitizers have been
used in patients with mesothelioma. Photofrin (di-hematoporphyrin
derivate) was the first commercially available photosensitizer and has
its major excitation wavelengths in the ultraviolet (UV) range (200–
450nm), and in the green range (510nm), and there is a small absorp-
tion peak in the red range (630nm). For clinical use, the peak at 630nm
is considered the most important, since the depth of penetration of
visible light through tissue is proportional to the wavelength. At this
wavelength, which results in a tissue penetration of about three fourths
of a centimeter, the drug has a low singlet oxygen yield that may
require illumination times up to several hours to achieve significant
effect. Several groups have used this drug (10,11).

Meta-tetrahydroxyphenylchloride (Foscan) is the second drug that
has been used for treating mesothelioma. It has major absorption peaks
in the UV range (200–450nm), and the green range (520nm), and the
highest peak is in the red range at 652nm (3). The penetration depth of
light at this wavelength is strongly dependent on tissue properties but
can reach depths of 1 to 1.5cm. The singlet oxygen yield is approxi-
mately 30 times higher in the red light band than with Photofrin. It is
assumed that Foscan is a pure compound that is active in the admin-
istered form. The drug is minimally metabolized and excreted mainly
by the bile.

Both drugs are administered intravenously but have different 
pharmacokinetic properties. Photofrin is usually given in a dose of 
2.0mg/kg 2 days before the illumination to achieve good tissue con-
centration. The drug concentrations generally remain high for several
days (12). For Foscan the advised dose is 0.1 to 0.15mg/kg with a
drug–light interval of 2 to 4 days (13). Both drugs are thought to have
some affinity for tumor cells but perhaps more importantly, they are
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thought to be retained by the abnormal endothelial cells of the tumor’s
vessels. This effect of vascular closure by PDT is considered to have a
significant secondary effect on tumor cell eradication.

The ubiquitous side effect of photosensitizer administration is cuta-
neous photosensitivity. For standard dosages of Foscan, this is gener-
ally less than 4 weeks, and for Photofrin® is at least 4 to 5 weeks. Other
side effects are very uncommon (12,13).

Laser Equipment

For the treatment of large surface areas with PDT, high-power light
sources are required. In general, it is necessary to use a laser to supply
light at the appropriate wavelength and intensity. Tunable dye lasers,
pumped by a larger, fixed wavelength, and green light lasers are com-
monly used to produce red light in the 7W range. These lasers have
the advantage that the dye modules can be interchanged to allow for
a broad spectrum of wavelengths that can be produced. These lasers
have the disadvantage of being relatively large and requiring high
power supplies and water-cooling systems. Recently developed, are
diode lasers that are more transportable and have power outputs of up
to 6W (in the red light wave band). They do not require the use of high
power supplies or water-cooling systems, but have the disadvantage
of producing only a single wavelength of light.

Dosimetry

Although there is an element of selectivity of photosensitizers for
tumor tissue, it must be assumed that there has been partitioning of the
sensitizers into all tissues. As a result, all structures that are illuminated
can be injured. It is crucial, therefore, not to overdose normal tissues
with light. Some investigators rely on “calculated” light doses (11,14).
Based on experiments that have demonstrated that the measured and
calculated light doses may vary widely in an anatomic environment
(15), we believe that light dosing must be empiric and must rely on
measured dosimetry. Light sensors are placed at strategic positions
within the hemithorax and fed into a real-time dosimetry system that
has a separate channel for each sensor. During PDT, the light source is
moved around the chest cavity until each sensor has measured the
desired dose of light.

There are currently two types of sensors in use: flat and isotropic.
The flat sensors, originally used by Pass et al (10), clearly underesti-
mate the total fluence delivered to tissue surfaces when compared to
spherical isotropic detectors (16). Again, the safe dose of light must be
determined empirically and any exchange of sensors requires a prede-
termined conversion factor.

Some investigators fill the hemithorax with diffuse intralipid solu-
tion to help scatter light as a light source is moved around the chest
cavity (2,10). This is our preferred method for light delivery, regardless
of the debulking technique, as it assures that there is no shielding of
tissue by pooled blood and also allows direct manipulation of the
costophrenic recesses, the most difficult areas to assure good illumina-
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tion. Others have focused on integral illumination by using a bulb fiber,
and they do not use a light diffusing medium (15). In this technique, a
transparent sterile bag is placed in the chest cavity after EPP and filled
with warm saline to facilitate flattening and expansion of the chest
cavity structures. After partial closure of the surgical wound, a single
spherical bulb fiber is placed in the center of the bag to allow an inte-
gral illumination of the entire cavity and enhance the reflection of light.
This technique is not compatible with a lung-sparing procedure and
may not be applicable if it does not appear that the bag will expand all
crevices in the hemithorax.

Surgical Approach

Prior to undergoing surgical debulking and intraoperative PDT, it is
our practice to perform an extensive metastatic workup, including brain
magnetic resonance imaging (MRI), computed tomography (CT) of the
chest/abdomen/pelvis, and a bone scan or positron emission tomog-
raphy (PET) scan. Any suspicion of pericardial, cardiac, or great-vessel
invasion is further evaluated with MRI studies or esophageal echocar-
diography. Invasive staging with a bronchoscopy, esophagoscopy, and
laparoscopy with peritoneal washings and biopsies is also performed.
We have used both bronchoscopy and laparoscopy to diagnose occult
metastases that have evaded the radiographic workup. Mediastinos-
copy can be used to stage the paratracheal lymph nodes and should be
used if the results will affect enrollment in the protocol being em-
ployed. Every patient undergoes cardiac and pulmonary function 
evaluations prior to surgery. If no metastatic disease is detected, then
the patient receives the photosensitizer at the appropriate time inter-
val and is brought to the operating room for surgical debulking and
photodynamic therapy. (The specific findings of our phase I trial are
discussed below.)

Standard double-lumen endotracheal intubation is performed and
the patient is placed in the lateral decubitus position. Pulse oximeters
use a red light probe capable of activating photosensitizers, and con-
sequently they can cause burns to the nail bed. To avoid this, the oxime-
ter probes are rotated between the fingers every 15 to 30 minutes.

Prior to turning on the overhead operating lights and surgeons’
headlights, a posterolateral thoracotomy incision is created using only
the fluorescent room lights for illumination. The incision is dictated by
the need to excise previous biopsy incisions and the desired entrance
to the chest cavity. It is our routine to excise the seventh rib as it is still
possible to perform the desired pulmonary procedure, and this lower
incision provides better access to the costophrenic recesses, commonly
the most difficult area of the hemithorax to access for debulking and
light delivery. The skin is then shielded by sewing blue towels to the
wound edges. Once all exposed skin has been covered with drapes and
towels, the headlights and overhead lights may be turned on without
fear of cutaneous burns. The overhead operating room lights and
surgeon’s headlamps are covered with yellow filter paper to reduce
photosensitizer activation (Fig. 45.1).

670 Chapter 45 Photodynamic Therapy for Pleural Mesothelioma



Although the PDT can be expected to affect tissue for a depth of at
least several millimeters, it should be the goal of the surgeon to have
no visible or palpable tumor remaining at the conclusion of the debulk-
ing. It is our bias to attempt at least partial-thickness preservation of
both the pericardium and diaphragm to avoid tumor spillage into other
body cavities, regardless of whether a pneumonectomy or decortica-
tion is performed. Details of this technique are described elsewhere (2).
It is our belief that an advantage of PDT as an adjuvant treatment is
that it offers the option of performing a pulmonary sparing procedure.
This may be particularly advantageous for patients who are candidates
for surgery, but are marginal candidates for pneumonectomy.

The technique of light delivery we have used is similar to the pro-
cedure described by Baas et al (17) and Pass et al (18). Briefly, the dis-
tribution and total dose of light delivered is monitored with isotropic
light detectors (Rare Earth Medical, West Yarmouth, MA) with an accu-
racy of ±15%. Four probes are placed in the thoracic cavity at the fol-
lowing locations: apex, bronchial stump/esophagus, dorsal sinus of the
diaphragm, and the pericardium. The light dosimetry system and light
sensors are shown in Figure 45.2. This system is similar to that used 
by Baas et al (17). Light is delivered into the chest cavity via a flat cut
fiber placed within a modified endotracheal tube sealed at both ends
and filled with 10% intralipid solution. Laser light is generated using
the KTP/532 Laser System pumping a model 630 XP Dye Module,
(Laserscope, Inc., San Jose, CA). The retractors are removed from the
chest cavity to avoid shielding and the hemithorax is filled with 0.1%
intralipid solution. It is important for the chest cavity to be hemostatic
as heme pigment absorbs light and causes a significant and noticeable
decrease in the fluence. We aspirate and replace the warm intralipid
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solution constantly throughout the procedure to facilitate light 
delivery (Fig. 45.3).

Clinical Studies

The first studies combining surgery and PDT were published in 1994
(10,11). Both investigators used Photofrin as the photosensitizer. The
study by Takita et al (11) of the Roswell Park Cancer Institute, was later
updated in 1998, and included a total of 40 patients with a 6-year
follow-up (14). Patients were treated with pleurectomy alone (n = 28),
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Figure 45.2. A: Light dosimetry system. B: Isotropic light sensors placed in left
chest after pneumonectomy and pleurectomy. These sensors are connected to
the dosimetry system. (Courtesy of Clinical Physics Department, Daniel den
Hoed Cancer Center, Rotterdam, The Netherlands.)
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EPP (n = 7), or combined pleurectomy and lobectomy (n = 5) in order
to achieve optimal cytoreduction. The morbidity and treatment-related
mortality for this series were 45% and 7.5%, respectively. Complica-
tions included atrial fibrillation (n = 15), sepsis (n = 11), prolonged ven-
tilation (n = 10), and bronchopleural fistulas (n = 3). In addition, five
patients underwent reoperation for spontaneous splenic rupture,
diaphragmatic dehiscence, esophageal perforation, empyema, and
diaphragmatic hemorrhage. For the survival analysis, the three patients
who died of treatment-related causes were excluded, leaving 37
patients. The median survival time and estimated 2-year survival 
percentage were 15 months and 23%, respectively. However, when
patients were separated by their stage, the median survival time and
2-year survival percentage for stages I and II patients, were 36 months
and 61% compared to 10 months and 0% for patients with stage III. 
The authors of this series concluded that surgical intervention and 
PDT offer good survival results in patients with stage I or II pleural
mesothelioma.

Pass et al (10) of the National Cancer Institute, Bethesda, MD, per-
formed a phase I study in 54 patients. A total of 12 patients could not
be debulked to the prerequisite 5-mm residual tumor thickness and
thus were excluded, leaving 42 patients for the study. The choice of sur-
gical resection depended on the extent of the disease, but was kept as
limited as possible: five lobectomy-pleurectomies, 19 modified pleu-
ropneumonectomies, and 18 pleurectomies. The illumination proce-
dure was performed with real-time dosimetry using seven flat
photodiodes. The maximal tolerated dose (MTD) was declared as 30
J/cm2 with a 24-hour dosing interval. Based on these results, Pass et al
(18) conducted a phase III study comparing maximal debulking
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surgery and postoperative cisplatin, interferon alpha-2a, and tamoxifen
immunochemotherapy with or without intraoperative PDT. The type
of resection for patients assigned to PDT (n = 25) included 11 pleurec-
tomies and 14 pneumonectomies compared to the no-PDT group 
(n = 23), which underwent 12 pleurectomies and 11 pneumonectomies.
There was one operative death secondary to hemorrhage, and each
group had two bronchopleural fistulas. There were no differences in
the median survival (PDT 14.4 months vs. no-PDT 14.1 months) or
median progression-free time (PDT 8.5 months vs. no-PDT 7.7 months).
The majority of the patients were stages III and IV (n = 40) and this
may be the reason why a better survival was not observed in the PDT
group, since PDT is mainly a treatment for local control.

Ris et al (19) of Switzerland, reported the first experience with the
second-generation photosensitizer mTHPC in thoracic malignancies in
1991. In a later stage, they reported their experience in eight patients
with thoracic malignancies in 1996 (20). The PDT was performed
without real-time light dosimetry, so only an estimate of the delivered
light doses could be made. Of the eight patients treated, three suffered
severe postoperative complications: colonic perforation (one), bron-
chopleural fistula (one), and aspiration pneumonia (one). Several
patients succumbed from distant manifestations of MPM. Whether the
PDT resulted in local control was not reported.

A phase I/II study investigated optimal dose and toxicities of
mTHPC for intraoperative PDT in resected MPM (21). In this study,
doses of Foscan were escalated while the illumination times and sur-
gical procedures were kept the same. Twenty-four patients had pleu-
ropneumonectomies and the drug–light interval was 4 days for the
majority of patients. The illumination was performed until a total
fluence of 10 J/cm2 was achieved at all sites. In this study, a total of 28
patients with performance scores of 0–1 [Eastern Cooperative Oncol-
ogy Group (ECOG)] were entered. In two of these patients a pleurop-
neumonectomy could not be performed due to extrathoracic growth of
the tumor. At the third dose level (0.15mg/kg Foscan) dose-limiting
toxicity was observed. Three patients died, one due to myocardial
infarction, one due to bronchopleural fistula, and one due to incorrect
placement of the isotropic detectors in the thoracic cavity. This resulted
in an overdose of light at the mediastinal structures, leading to an
esophagopleural fistula. The median survival for all 28 patients was 10
months. The conclusion of the authors was that Foscan-mediated PDT
could not be recommended without further improvements in the PDT
technique and better patient selection.

A more recent phase I study by Friedberg et al (2), investigated the
toxicities and MTD of Foscan-mediated PDT and surgery in 36 patients
with MPM. Four different PDT cohorts were studied in a total of 26
patients who completed treatment. Seven patients were debulked 
with an EPP and 19 were debulked with a lung-sparing pleurectomy-
decortication. The reasons for the 10 patients not completing the study
are shown in Table 45.1.

The most common grades III to V toxicities observed during this
phase I trial included atrial dysrhythmia (n = 13), transient ventricular
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dysrhythmia (n = 2), incisional third-degree burn (n = 1), esophageal
perforation (n = 1), adult respiratory distress syndrome (ARDS) (n = 1),
and pulmonary embolism (n = 1). Two patients’ deaths occurred in the
postoperative period among the 20 patients enrolled at the MTD. One
patient had a pulmonary embolism and was appropriately anticoagu-
lated and discharged. At home, the patient developed massive upper
gastrointestinal bleeding and expired. The second patient died of com-
plications after an iatrogenic esophageal perforation during endoscopy
for upper gastrointestinal bleeding. The established MTD was 
0.1mg/kg of Foscan injected 6 days before surgery in combination with
10 J/cm2 of 652-nm wavelength light. The dose-limiting toxicity was a
systemic capillary leak syndrome that resulted in two PDT-related mor-
talities. Fourteen patients were treated at the MTD without significant
complications. The median progression-free survival and overall sur-
vival was 12.4 months for all 20 patients enrolled at the MTD. Only
three patients treated at the MTD developed isolated local recurrences.
These results were especially encouraging, given that a significant pro-
portion of patients had unfavorable histology and significant lymph
node involvement, exclusion criteria for most surgical protocols. The
authors concluded that a particular advantage of Foscan-mediated
PDT was that it offered the option of performing a lung-sparing pro-
cedure as was performed in the last 17 of 19 patients enrolled. A phase
II study was planned that would include chemotherapy to complement
the excellent local control that was observed. This study has not been
performed due to change in the management of the company produc-
ing Foscan.

Conclusion

The role, if any, for PDT in the treatment of mesothelioma has yet to
be established. The number of centers exploring this technology is
limited as it is very labor intensive and requires not only specialized
equipment but also physicist support. The number of patients treated
in the different trials is small and thus no definitive conclusions can be
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Table 45.1. Exclusion criteria in Friedberg et al’s phase I study of
Foscan-mediated photodynamic therapy
Finding Number of patients

Preoperative
EKG changes 1
Subdiaphragmatic disease 2
Liver metastasis 1
Contralateral endobronchial mesothelioma 1

Perioperative
Perioperative myocardia infarct 1
Unresectable, aortic involvement 2
Unresectable, subclavian artery involvement 1
Unresectable, stomach involvement (hiatal hernia) 1
Malignacy not confirmed; pt. ineligible 1

Source: From Friedberg et al (2).



drawn. Further complicating interpretation of published results are the
number of variables (type of sensitizer, light dose, drug dose, drug–
light interval, methods of light measurement, technique of light 
delivery, surgical debulking techniques) that differ between studies. In
addition, the majority of reports are phase I and II studies. The final
outcome of these studies, with respect to survival, is of limited value.
The only phase III study, performed with an earlier generation photo-
sensitizer, reported no advantage for the use of PDT in combination
with surgery and immunochemotherapy. To date, the most that can be
said is that intraoperative PDT can be performed safely in experienced
centers and that there are some encouraging results, especially in
patients with stage I and II MPM, particularly with the newer genera-
tion of photosensitizers.

Summary

The number of cases of malignant pleural mesothelioma diagnosed
each year is increasing and it is expected to increase at least until the
year 2010. The diagnosis of this disease is often difficult. There is no
current standard of care for pleural mesothelioma and only a few trials
using the combination of surgery and adjuvant therapies appear to
have demonstrated any significant impact on the expected course of
the disease. Newer diagnostic and treatment techniques are needed to
improve survival in these patients with MPM. This chapter discussed
the role of one of the adjuvant treatments, photodynamic therapy, in
the management of mesothelioma.
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46
Surgery and Postoperative
Radiotherapy
Raja M. Flores, Kenneth E. Rosenzweig, and Valerie W. Rusch

There is no universally accepted standard therapy for malignant
mesothelioma of the pleura. Studies evaluating the efficacy of single-
modality treatment with chemotherapy, radiotherapy, and surgery
alone have not consistently demonstrated a significant prolongation of
survival. Patients usually die from pulmonary complications because
advanced local disease restricts diaphragmatic and intercostal muscle
function, leading to pneumonia and subsequent sepsis. As a result,
research efforts focus on local control.

Surgery is the single most effective manner of achieving immediate
local control. Debate has existed over the role of extrapleural pneu-
monectomy versus pleurectomy/decortication. However, complete
surgical resection of all gross tumor is possible only with extrapleural
pneumonectomy for disease higher than stage I (stage II includes lung
invasion). Since the majority of surgical candidates are in the stage II
and III categories, extrapleural pneumonectomy is required in the
majority of cases to achieve complete resection of all gross tumor.
Surgery alone, however, does not yield satisfactory results. Therefore,
combined modality therapy has included surgery and radiation in an
effort to achieve optimal local control.

Palliative Radiotherapy

Chest pain is a frequent symptom in patients who are not surgical can-
didates because of advanced local disease. Radiotherapy can provide
palliation in approximately half of these patients, but the effects are fre-
quently short-lived. Bisset et al (1) performed a prospective study of
wide-field radiotherapy in 22 patients with chest pain due to mesothe-
lioma who received 30Gy in 10 daily fractions to the involved hemitho-
rax. Patients’ symptoms were assessed before radiotherapy, 1 month
after radiotherapy, and then every 2 months. Nineteen assessable
patients were followed for at least 3 months after radiotherapy. Pain
control improved in 13 of 19 patients at 1 month, but nine of 12 patients
had worsening chest pain at 3 months, and at 5 months, pain control
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had deteriorated in six of seven patients. Partial regression of chest 
wall masses was seen in five of nine patients, but radiotherapy did 
not appear to delay the progression of respiratory symptoms or radio-
logic changes. The median duration of survival after radiotherapy was
4 months.

De Graaf-Strukowska et al (2) performed a retrospective review from
a single institution over a 20-year period. A total of 227 radiotherapy
series were administered to 189 patients with mesothelioma. The
median survival was 5 months from the start of radiotherapy, and only
17% of patients were alive at 1 year after treatment. Chest pain and
painful chest wall metastases were the main indications for radiother-
apy. A higher local response rate was seen for patients treated with a 
4Gy per fraction scheme, versus those receiving fractions of less 
than 4Gy (50% vs. 39%). Pain recurrence occurred predominantly
within the previous radiotherapy field, and pain recurred after a
median of 69 days (range 32–363) in the group treated using 4-Gy frac-
tions. Radiotherapy can relieve pain due to malignant pleural mesothe-
lioma, but its effect at doses of 3 and 4Gy is short-lived.

Prophylactic Radiotherapy

Because of the propensity for mesothelioma to spread along surgically
manipulated areas, Boutin et al (3) performed a prospective random-
ized study to assess the efficacy of local radiotherapy in preventing
malignant seeding along invasive diagnostic procedures, such as cytol-
ogy, needle biopsy, thoracoscopy, or chest tube placement. Forty con-
secutive patients with histologically proven mesothelioma were
enrolled. Twenty patients received three daily sessions of radiotherapy
at a dosage of 7Gy 10 to 15 days after thoracoscopy. The other 20
patients did not receive radiotherapy. None of the 20 radiotherapy-
treated patients developed entry tract metastasis. In contrast, eight of
the 20 (40%) patients who were not treated developed metastases.
These findings indicate that local radiotherapy prevents malignant
seeding after invasive diagnostic procedures in patients with malig-
nant pleural mesothelioma.

Surgical Resection Plus Radiotherapy

Brachytherapy/Surgery/External Beam Radiation Therapy

The potential toxicity of external beam radiation therapy (EBRT) to sur-
rounding thoracic structures prompted investigators at Memorial
Sloan-Kettering Cancer Center (MSKCC) to use brachytherapy in com-
bination with surgery to treat malignant pleural mesothelioma (MPM).
From 1976 to 1982, 41 patients with MPM underwent surgical resection
followed by implantation of 125I permanent radioactive seeds to re-
sidual gross disease. Residual diffuse disease was implanted with
either temporary 192Ir or 32P. Mixed-beam EBRT was delivered to the
affected hemithorax at 45Gy. Median survival was 21 months and 
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survival at year 1 and 2 was 65% and 40%, respectively. At that period
in time, the survival was better than historical survival rates of 25% at
1 year, 7% at 2 years, and a median survival of 6 months (4).

An updated experience from MSKCC was again analyzed on a larger
cohort of patients. From 1976 to 1988, 105 patients were treated by 
a similar approach. Fifty-four patients received implants, while 41
patients had minimal residual disease and therefore did not receive
implants. Overall median survival was 12.6 months; 1-year and 2-year
survival rates were 52% and 23%, respectively. Patients with implants
at one site fared better than patients with implants at multiple sites.
The impact of brachytherapy on the outcome independent of amount
of residual disease could not be determined. The most significant
impact on survival was the achievement of complete resection of all
gross disease by the cytoreductive surgical procedure. However, local
failure or disease progression occurred in 63% of patients (5).

Intraoperative Radiotherapy

Lee et al (6) performed a retrospective review of radical pleurectomy/
decortication and intraoperative radiotherapy (IORT) followed by
EBRT for diffuse MPM; IORT was performed on all areas difficult to
encompass with conformal radiotherapy, including fissures, peri-
cardium, and diaphragm. An average of 3.3 sites was treated in each
patient, with a range of two to six sites. The median dose was 15Gy
(range, 5–15). A total of 32 patients with diffuse MPM were initially
evaluated between January 1995 and September 2000. Three patients
were excluded from analysis because of unresectable disease, two
patients died postoperatively, and one patient had recurrent disease
previously treated at an outside institution. Of the remaining 26
patients included in the analysis, 24 received IORT. External beam radi-
ation therapy was generally started 1 to 2 months after resection and
delivered by means of three-dimensional conformal radiation therapy
or intensity-modulated radiation therapy. The median dose was 
41.4Gy. At the time of data analysis, five of 26 patients were alive. The
median follow-up was 9.7 months (range, 2–67.6 months), and the
median overall survival and progression-free interval from the time 
of the operation, were 18.1 and 12.2 months, respectively. The 
Kaplan-Meier estimates of overall survival and freedom from progres-
sion at 1 year were 64% and 50%, respectively. The site of failure was
mostly locoregional. However, there were four abdominal failures and
one contralateral lung failure. While demonstrating that debulking
with IORT was feasible, there is no evidence of a significant survival
advantage. Survival was inversely proportional to the number of IORT
sites treated, which emphasizes the importance of residual gross
disease as a significant predictor of poor survival.

Extrapleural Pnemonectomy/External Beam Radiation
Therapy/Adjuvant Chemotherapy

At Brigham and Women’s hospital from 1980 to 1997, 183 patients
underwent extrapleural pneumonectomy followed by adjuvant chemo-
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therapy and radiotherapy (7). The number of patients who completed
adjuvant therapy and the resultant toxicities are unspecified. However,
the median follow-up was 13 months. The perioperative mortality rate
was 3.8% (seven deaths) and the morbidity was 50%. The seven peri-
operative deaths were excluded from the survival analysis, but survival
in the 176 remaining patients was 38% at 2 years and 15% at 5 years
(median 19 months). Univariate analysis identified three prognostic
variables associated with improved survival: epithelial cell type 
(52% 2-year survival, 21% 5-year survival, 26-month median survival;
p = .0001), negative resection margins (44% at 2 years, 25% at 5 
years, median 23 months; p = .02), and extrapleural nodes without
metastases (42% at 2 years, 17% at 5 years, median 21 months; p = .004).
Using the Cox proportional hazards, the relative risk of death was cal-
culated for nonepithelial cell type odds ratio (OR) 3.0, 95% confidence
interval (CI) 2.0–4.5; p < .0001), positive resection margins (OR 1.7, 95%
CI 1.2–2.6; p = .0082), and metastatic extrapleural nodes (OR 2.0, 95%
CI 1.3–3.2; p = .0026). Thirty-one patients with three positive variables
had the best survival (68% 2-year survival, 46% 5-year survival, median
51 months; p = .013). This study identifies a subgroup of patients who
appear to benefit from a multimodality approach that includes
extrapleural pneumonectomy. The influence of resection margins 
on survival also exemplifies the need for improvement in local 
cytoreduction.

Pattern of Recurrence

Baldini et al (8) evaluated 49 patients with MPM who underwent extra-
pleural pneumonectomy followed by chemotherapy and radiation.
There were two perioperative deaths, and one patient died 5 weeks
after extrapleural pneumonectomy. Thirty-five of the surviving pa-
tients received adjuvant chemotherapy (32/35 received cyclophos-
phamide, doxorubicin, and cisplatin) followed by a median dose of 
30.6Gy of hemithorax radiation therapy. Ten patients received
chemotherapy but no radiation therapy, and one patient received no
adjuvant therapy. Median follow-up time for the 23 living patients from
the date of operation was 18 months. Of the 46 patients available for
evaluation, 25 had recurrence (54%) with a median time to first failure
of 19 months (range, 5 to 51 months). The sites of first recurrence were
local in 35% of patients, abdominal in 26%, the contralateral thorax in
17%, and other distant sites in 8%. Conversely, some patients had recur-
rence in multiple sites simultaneously. The most common site of failure
after trimodality therapy was the ipsilateral hemithorax. Isolated
distant failures were uncommon. Again, this study emphasized the
need to improve local tumor control.

Extrapleural Pneumonectomy/High-Dose External Beam 
Radiation Therapy

The use of radiation therapy is limited by the volume of the primary
tumor, which involves the entire hemithorax, and by proximity of the
tumor to many vital structures that are very radiosensitive. In general,

R.M. Flores et al 681



the amount of radiation to the affected hemithorax has been limited to
45Gy or less to minimize toxicity to the heart, lung, esophagus, and
spinal cord. Maasilta (9) has documented the severe pulmonary toxic-
ity caused by higher dose hemithoracic radiation. However, with the
lung removed by extrapleural pneumonectomy, the amount of radia-
tion to the hemithoracic area can be administered in very large doses
without its attendant pulmonary toxicity.

Rusch et al (10) performed a phase II trial of high-dose hemithoracic
radiation after complete resection to determine feasibility and to esti-
mate rates of local recurrence and survival. Patients were eligible if they
had a resectable tumor, as determined by computed tomographic (CT)
scanning, and adequate cardiopulmonary function for extrapleural
pneumonectomy or pleurectomy/decortication. After complete resec-
tion, patients received hemithoracic radiation (54Gy) and then were
followed up with serial CT scanning. From 1995 to 1998, 88 patients 
(73 men and 15 women; median age, 62.5 years) were entered into 
the study. The operations performed included 62 extrapleural pneu-
monectomies (70%) and five pleurectomies/decortications; procedures
for exploration-only were performed in 21 patients. Seven (8.0%)
patients died postoperatively. Adjuvant radiation was administered to
57 patients (54 undergoing extrapleural pneumonectomy and three
undergoing pleurectomy/decortication) at a median dose of 54Gy and
was well tolerated (grade 0–2 fatigue, esophagitis) except for one late
fatal esophageal fistula. The median survival was 33.8 months for stage
I and II tumors but only 10 months for stage III and IV tumors (p = .04)
(Fig. 46.1). For the patients undergoing extrapleural pneumonectomy,
the sites of recurrence were locoregional in two, locoregional and
distant in five, and distant-only in 30. This study demonstrated that
hemithoracic radiation after complete surgical resection at a high dose
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Figure 46.1. Kaplan-Meier survival analysis of extrapleural pneumonectomy
(EPP) and high-dose radiotherapy by stage. [Source: Rusch et al (10), with 
permission.]



of 54Gy was feasible. This approach dramatically reduced local recur-
rence and was associated with prolonged survival for early-stage
tumors. But higher stage disease had a high risk of early distant relapse
and is currently undergoing investigation in trials of systemic therapy
added to this regimen of resection and radiation.

Intensity-Modulated Radiation Therapy

Poor local control after conventional radiotherapy may be due to the
low dose of radiation that has been administered or to restriction of the
target volume to avoid critical organs. Intensity-modulated radiation
therapy (IMRT) has the potential to overcome these geometric/dosi-
metric constraints. Many patients are referred for radiation with intact
lung following biopsy or pleurectomy. Delivery of efficacious doses of
radiation to the pleural lining, while avoiding lung parenchyma toxic-
ity, has been a difficult technical challenge. Using opposed photon
fields produces doses in lungs that result in moderate-to-severe pul-
monary toxicity in 100% of patients treated. Combined photon-electron
beam treatment, at total doses of 4250cGy to the pleural surface, results
in two thirds of the lung volume receiving over 2100cGy. A technique
using intensity-modulated photon arc therapy significantly improves
the dose distribution to the pleural surface with concomitant decrease
in dose to lung parenchyma compared to traditional techniques. Inten-
sity-modulated radiation therapy of the pleural lining consists of seg-
ments of photon arcs that can be intensity modulated with varying
beam weights and multileaf positions to produce a more uniform dis-
tribution to the pleural surface, while at the same time reducing the
overall dose to the lung itself. Computed tomography simulation is
critical for precise identification of target volumes as well as critical
normal structures (lung and heart). Rotational arc trajectories and indi-
vidual leaf positions and weightings are then defined for each CT plane
within the patient. Intensity-modulated radiation therapy may have
improved potential for sparing dose effects to the critical structures of
the lung, heart, and spinal cord (11). However, due to the oblique angle
of the treatment portals, organs that are typically not in the radiation
field may receive a significant dose of radiation. Specifically, special
attention must be paid to the dose delivered to the contralateral lung
and heart.

Intensity-Modulated Radiation Therapy/Extrapleural
Pneumonectomy

Forster et al (12) evaluated the role of IMRT in combination with
extrapleural pneumonectomy (EPP). Seven patients with MPM who
had an EPP were treated with adjuvant IMRT. The clinical target
volume (CTV) included the surgically violated area inside the chest
wall with particular attention to the insertion of the diaphragm, pleural
reflections, and the deep margin of the thoracotomy incision. Treatment
was delivered by intensity-modulated 6-MV photon beams using
dynamic multileaf collimation. The CTV ranged from 2667 to 7286mL.
The average CTV covered to 50Gy was 94% (range, 92% to 98%). Res-
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piratory motion was minimal. The average volume of the boost areas
covered by 60Gy was 92% (range, 82% to 99%). Dose-volume con-
straints for normal tissue were met in almost all cases and acute toxic-
ity was mild to moderate. The most severe side effects were anorexia,
nausea or vomiting, and dyspnea. Esophagitis was absent or mild.
After a minimum of 13 months of follow-up care, there were no cases
of disease recurrence within the ipsilateral hemithorax. Input from the
radiologist and from the surgeon in the planning process facilitates 
definition of the high-dose volumes (12,13).

Surgery

The limitations of chemotherapy and radiation alone have made sur-
gery the mainstay of treatment for MPM. Operations for MPM are cate-
gorized as those performed for palliation and those performed with
curative intent. The palliative procedures include talc pleurodesis via
tube thoracostomy or video-assisted thoracic surgery (VATS). In some
cases, thoracotomy and partial pleurectomy may be required to allow
lung reexpansion. The operations performed with curative intent in-
clude EPP and pleurectomy/decortication. The intention of these pro-
cedures is to remove all gross tumor from the affected hemithorax.

The skepticism about performing EPP stems from its high mortality,
initially reported as 31% by Butchart et al (14) in 1976. In addition, pa-
tients were inaccurately staged because CT was not yet used in clini-
cal practice and there was no accepted staging system. However, over
time with better patient selection and improvement in technique, this
operation is being performed with outcomes similar to those of stan-
dard pneumonectomy (15). The largest series have demonstrated the
mortalities of 4% to 5% (14,16,17) (Table 46.1).

Extrapleural Pneumonectomy

Extrapleural pneumonectomy usually entails an en bloc resection of the
pleura, lung, pericardium, and hemidiaphragm. The theory is to main-
tain the integrity of the pleural envelope and thereby keep the malig-
nant tumor within the confines of this envelope in an effort to remove
the lesions without leaving gross residual tumor behind. It is per-
formed via an extended S-shaped posterolateral thoracotomy incision
and the best exposure is gained when the anterior portion of the inci-
sion is carried to the costal margin (Fig. 46.2). Excision of the sixth rib
facilitates exposure to the extrapleural plane and both the apical and
diaphragmatic surfaces of the hemithorax. The extrapleural plane lies
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Table 46.1. Mortality rates of extrapleural pneumonectomy (7,14–16)
Study Number of patients Mortality

Butchart et al (1976) 29 31
Allen et al (1994) 40 8
Sugarbaker et al (1999) 183 4
Rusch (1999) 115 5



between the endothoracic fascia and the outer surface of the parietal
pleura. This is a very vascular plane, requiring continuous packing
with lap pads to minimize blood loss, but it can be developed by a com-
bination of both blunt and sharp dissection.

Once enough parietal pleura have been mobilized (usually three ribs
superiorly and three ribs inferiorly), a chest retractor is inserted to help
with exposure (Fig. 46.3). The dissection is carried superiorly to the
subclavian vessels; care must be taken near the mammary vessels since
these may be avulsed at their origin from the subclavian vessels. The
pleura are mobilized away from the mediastinum anteriorly and pos-
teriorly. On the left side, care must be taken not to injure the esopha-
gus or the aorta, especially the branches of the intercostal vessels. On
the right side, the superior vena cava may be adherent to the pleura.
Once the superior dissection down to the bronchus has been com-
pleted, the posterior aspect of the hilum is dissected. The subcarinal
lymph nodes are then dissected and sent to pathology as a separate
specimen for accurate staging and better exposure of the main-stem
bronchus. There may be a clean plane of dissection between the ante-
rior portion of the hilum and the pericardium in some cases. In others,
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this plane is obliterated and an en bloc resection with the pericardium
is required.

The lower hemithorax and diaphragm are then dissected. A palpa-
ble shelf can usually be palpated at the junction of the tumor and the
diaphragmatic muscle. A hand may be placed beneath this shelf and
the diaphragmatic muscle cauterized peripherally in a similar fashion
to the Kocher maneuver of the duodenum. Once the diaphragm is
mobilized from the posterior costophrenic angle, it may be rotated into
the thoracotomy incision, thereby allowing further dissection posteri-
orly. If involvement of the diaphragm is extensive, it should be
removed in its entirety. If involvement of the diaphragm is superficial,
dissection may be carried through the diaphragmatic muscle using
electrocautery (Figs. 46.4 and 46.5). The peritoneum should be peeled
away from the back of the diaphragm by means of a sponge stick. It
may be difficult to avoid entering the peritoneum at the level of the
central tendon, but tiny defects should be repaired immediately to
avoid potential seeding of the peritoneal cavity.

Once the entire extrapleural lung and diaphragm are completely
mobilized, the pericardial interface is assessed. If resection of the peri-
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Figure 46.3. Extrapleural plane. [Source: Rusch (21) with permission.]



cardium is required, traction sutures are useful to aid in visualization
of the hilar structures and to minimize the hemodynamic instability
and arrhythmias that may be precipitated by the changes in position-
ing of the heart (Fig. 46.6). On the right side, the hilar vessels are tran-
sected intrapericardially. On the left side, it is easiest to transect the
pulmonary artery in its extrapericardial extrapleural position and tran-
sect the veins intrapericardially. The specimen consisting of pleura,
lung, and diaphragm, with or without pericardium, is removed en bloc.
Sampling of the paratracheal lymph nodes on the right and the aor-
topulmonary window on the left are submitted for accurate staging.
Reconstruction of the diaphragm is then performed.

On the right side, Dexon mesh is preferred because the liver prevents
herniation of intraabdominal contents. On the left side, 2-mm-thick
Gore-Tex is used because it is more durable at resisting herniation. 
The prosthesis is secured by placing sutures around the ribs laterally
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Figure 46.5. Placement of pericar-
dial traction sutures. [Source: Rusch
(21) with permission.]

Figure 46.6. Transection of hilar
structures. [Source: Rusch (21) with
permission.]



(Figs. 46.7 and 46.8). It is secured to the crus posteriorly and sewn to
the edge of the pericardium medially. If the pericardium has been
resected, the reconstruction is performed with Dexon mesh. This pre-
vents cardiac herniation and maintains the heart in the central position
to facilitate the administration of postoperative radiation. Hemostasis
is aided by the use of the argon beam electrocoagulator. We prefer
Dexon to Gore-Tex for the pericardial reconstruction because, in the
event of an empyema, the Dexon does not require extirpation from the
cardiac surface and potential injury. In addition, since Dexon is in mesh
form, fenestration is unnecessary.

Pleurectomy/Decortication

This procedure should be reserved for patients with a limited amount
of disease and a functional status that is prohibitive to tolerate an EPP.
The procedure is performed in the same manner as an EPP, by mobi-
lizing the entire lung. The extent of tumor is usually such that com-
plete resection of the diaphragm or pericardium is not necessary but
may be removed if required. Once the entire area has been mobilized,
the tumor is then decorticated off the underlying lung (Fig. 46.9). The-
oretically, pleurectomy decortication should remove all gross disease
by surgical resection of the parietal pleura. To accomplish the goal of
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Figure 46.7. Pericardial reconstruction. [Source: Rusch (21) with permission.]
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Figure 46.8. Pericardial and diaphragmatic recon-
struction. [Source: Rusch (21) with permission.]

Figure 46.9. Pleurectomy
decortication of tumor from
underlying lung. [Source:
Rusch (21) with permission.]
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Figure 46.10. Diaphragmatic plication. [Source: Rusch (21) with permission.]

removal of all gross tumor, the patient must have stage 1a disease or a
small amount of 1b disease (indicating visceral pleura involvement; the
visceral pleura is a structure more difficult to delineate than the pari-
etal pleura and is intimate with the underlying lung as opposed to the
parietal pleura, which is intimate with the chest wall). Once there is
invasion of lung parenchyma, the goal of complete removal of all gross
tumor is impossible without removal of the underlying lung (i.e., EPP).
If there is involvement of the pericardium or diaphragm, these struc-
tures may also be removed with a pleurectomy decortication.

An important maneuver that should be performed with pleurec-
tomy/decortication when the majority of the diaphragm has been left
in place is diaphragmatic plication. This is an important step even if
the phrenic nerve is anatomically intact because the diaphragm has
often been physiologically defunctionalized and will rise high into the
hemithorax, causing lower lobe atelectasis postoperatively. In addition,
diaphragmatic plication allows a greater field for radiation by main-
taining the abdominal contents low (Fig. 46.10).

High-Dose Hemithoracic Radiation Treatment Plan

After all gross tumor has been removed by surgical resection, patients
should then undergo postoperative radiation therapy. The rationale for
this treatment strategy has been outlined above. For patients undergo-



ing EPP, adjuvant external beam radiation is started 3 to 6 weeks post-
operatively. The target volume includes the entire hemithorax and the
thoracotomy incision. A total of 54Gy is delivered through anterior and
posterior fields in 30 daily fractions of 1.8Gy by using 6MV or greater
photons. The spinal cord is protected after 41.4Gy. Cerrobend blocks
are used to limit the dose to the liver, heart, and stomach when these
organs are in the treatment field. Electrons are used in the blocked
regions to prevent underdosing to the pleura and diaphragm.

Figure 46.11 demonstrates a simulation film of the right hemithorax
after EPP. Field borders are T1 inferiorly and L2 superiorly. Laterally,
the borders are the edge of the contralateral vertebral body and flash
on skin. A block is placed over the abdomen to shield the liver and
stomach from photon irradiation. A block covers the area where the
diaphragm abuts the abdominal wall, facilitating treatment of this area
with electrons. The daily dose of electron irradiation was 153cGy, with
the assumption that there is a 15% scatter under the blocks from the
photon fields. Figure 46.11 demonstrates a simulation film of the left
hemithorax after EPP. Field borders are T1, L2, 1.5cm beyond the con-
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Figure 46.11. (A,B) Simulation films for high-dose external beam radiation therapy. [Source: Yajnik 
et al (22) with permission.]
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tralateral edge of the vertebral body, and skin. The blocks covering the
diaphragm and abdomen are similar to the right; however, a block is
also placed anteriorly over the heart starting at 1980cGy and the
blocked area is treated with electron irradiation. The daily dose of 
electron irradiation is 153cGy, again assuming that a 15% scatter will
occur under the blocks from the photon field. The left kidney is 
contoured.

Patients undergoing pleurectomy/decortication in our study
received intraoperative radiation with a previously described high-
dose iridium applicator (17,18). A dose of 15Gy was delivered to the
mediastinum and diaphragm, reducing this to 10Gy over the heart and
esophagus. For these patients, EBRT was also started 3 to 5 weeks post-
operatively. The dose administered was 45 to 54Gy and the target
volume included the perimeter of remaining lung tissue with a 0.5- to
1.0-cm margin, the chest wall with a 1.0-cm margin, the diaphragm,
and the mediastinum. Currently, pleurectomy/decortication patients
receive only EBRT, due to the high toxicity seen after IORT.

Summary

When evaluating a patient with MPM for surgical resection one must
take into account the stage, functional status, and the surgical proce-
dure. While pleurectomy/decortication may be the procedure of choice
for patients with poor functional status and early-stage disease, the
presence of lung parenchyma limits the amount of radiation that may
be administered. In the majority of cases, an EPP is also required to
obtain complete gross removal of tumor.

The study by Rusch et al (10) shows that high-dose hemithoracic
radiation at a dose of 54Gy can be administered to the entire hemitho-
rax after EPP with an acceptable toxicity. This treatment regimen is
associated with a very low risk of local recurrence. The few local recur-
rences in this study appear to have been failures at the margins of 
the radiation field, emphasizing the importance of including the
diaphragm, costophrenic sulcus, and ipsilateral half of the medi-
astinum. It is notable that the radiation used at this dosage essentially
eliminates the risk of tumor recurrence in the chest wall that is com-
monly seen in patients with MPM and previous thoracic incisions.

This study is the basis of our standard of care at Memorial Sloan-
Kettering Cancer Center, and our results clearly indicate that now the
greatest challenge is preventing the development of metastatic disease.
With recent improvements in systemic therapy, it is now possible to
add preoperative chemotherapy to the treatment regimen of patients
(19,20). Both single-institution and multicenter trials are currently in
progress for testing the efficacy of induction chemotherapy, followed
by EPP and adjuvant hemithoracic radiation. It is hoped that active
chemotherapy agents including cisplatin, gemcitabine, and peme-
trexed will enhance the results of the excellent local treatment now
available with EPP and adjuvant radiotherapy by decreasing the risk
of distant relapse.
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47
The Development of the Brigham
and Women’s Multimodality
Treatment Plan for Malignant
Pleural Mesothelioma: A Model 
for Improving the Treatment of 
Rare Diseases
Michael T. Jaklitsch, Daniel Wiener, Raphael Bueno, and David J. Sugarbaker

Mesothelioma of the pleural space is an uncommon disease. The
current incidence within the United States is 2000 to 3000 cases per year
as compared with esophageal and lung cancer, which are at least four
and 50 times more common, respectively (1). Few physicians treat more
than a handful of cases of malignant pleural mesothelioma (MPM) over
the course of their professional careers. Even fewer academic centers
in North America and Europe have been able to acquire a collective
experience large enough to develop new treatment protocols for this
devastating disease.

The Brigham and Women’s Hospital (BWH) and Dana-Farber Cancer
Institute (DFCI) in Boston, Massachusetts, are a combined cancer center
with a large experience treating MPM. The diagnosis and management
of this disease has become a major interest of the academic thoracic 
surgeons, medical oncologists, radiation oncologists, pathologists, pul-
monologists, respiratory therapists, nurses, and educational house staff
of our hospital over the past 20 years. Current treatments are based on
two decades of research and experience, and new treatments are being
developed.

This chapter traces the historical development of the current treat-
ment of MPM at BWH, explains the development of our working par-
adigm of this disease, and serves as a template for other surgical
innovators to design unique treatment algorithms for similarly uncom-
mon diseases.

Improved treatment of a rare disease depends on three critical ele-
ments coexisting at the same place and time: a relative high frequency
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of the disease, the commitment of a multidisciplinary research-oriented
team and institution, and the ensuing dynamic growth of professional
expertise. The BWH experience with MPM includes all three of these
elements.

Historical Context

The distinctiveness of the BWH/DFCI experience with mesothelioma
can be best appreciated within a historical context of the disease. The
recognition of mesothelioma as a cancer and the development of treat-
ment options are recent developments in the context of medical history.

In 1960, Wagner et al (2) published the first mesothelioma case series,
reporting on 33 patients from a South African asbestos mining town
with known occupational and environmental crocidolite exposure. 
In the 1970s, a landmark study by Selikoff (3) established a firm link
between asbestos exposure and mesothelioma. The author followed
17,800 asbestos insulation workers in the United States and Canada for
a period of up to 50 years and found that the incidence of mesothe-
lioma within this group increased rapidly starting 20 to 25 years after
the first exposure. Peak incidence occurred at 40 to 45 years after expo-
sure. Seven percent of all deaths in this group of asbestos workers were
due to mesothelioma, a shockingly high incidence for a rare cancer.

The association between mesothelioma and asbestos is well estab-
lished (4). The causative role of asbestos exposure has been investigated
extensively and its pathophysiology has been described in detail 
(3,5). Persons at the highest risk include those who work directly with
asbestos in mines, mills, or shipyards. This risk extends to people 
residing in areas surrounding these sites. Family members of asbestos
workers also have a substantial increased risk, termed “bystander
risk,” thought to be secondary to exposure to hair and clothes brought
into the home (6).

Early efforts at surgical and nonsurgical treatments were disap-
pointing. Worn (7) published one of the first series of patients under-
going extrapleural pneumonectomy in 1974, reporting a 5-year survival
rate of 10% and a median survival of 19 months. Butchart et al (8) 
published their initial experience with extrapleural pneumonectomy
for maximal surgical debulking of pleural mesothelioma in 1976.
Extrapleural pneumonectomy had previously been used for tubercu-
lous empyema, but was an operative technique that had always been
associated with a high perioperative mortality. In Butchart et al’s series,
extrapleural pneumonectomy for MPM had a perioperative mortal-
ity rate of 31%, a 5-year survival of 3.5%, and a median survival of 
10 months.

Initial studies investigating adjuvant chemotherapy and radiation
therapy repeatedly showed little to no activity against the disease.
These poor results were partly due to the lack of an accurate way to
measure response rate prior to the advent of computed tomography
(CT) scan for the chest. Furthermore, early trials were poorly designed,
with too few patients and without stratification by histologic subtype.
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Median survival of patients enrolled in therapeutic trials varied from 
3 to 17 months, with the majority falling in the 6- to 10-month range (9).

Early attempts at radiation therapy were very limited as there 
was no way to avoid injuring the underlying lung parenchyma and
nearby vital structures. Several early studies failed to show an added
benefit when radiation was used in combination with surgery or
chemotherapy (10).

Considering these relatively ineffective treatments and the seem-
ingly persistently dismal prognosis, it is not difficult to see why there
has been a fair degree of skepticism among physicians treating patients
with mesothelioma. Fortunately, a few clinicians were not deterred,
including a distinct group of health care providers at BWH/DFCI. This
chapter describes the evolution of our institutions’ current under-
standing and approach to MPM.

Frequency of Disease in New England

New England has had a rich maritime military history. In August 1776,
regiments from Marblehead and Salem, Massachusetts, rowed George
Washington’s army to safety across Long Island Sound after the defeat
on Brooklyn Heights. Three of the first six frigates built by the fledg-
ling United States were built in New England or New York. The large
whaling and cod fishing fleets from New Bedford, Nantucket, and
Gloucester have provided sailors to the United States Navy for over
200 years.

The pace of production of United States naval ships during World
War II reached one ship per week in the large shipyards of New
England and New York. Asbestos slurry was sprayed upon the bulk-
heads of the ships to insulate the compartments against the cold of the
North Atlantic and against fire within individual sections of the ship.
Although quickly and easily applied to the bulkheads, this asbestos
slurry would flake, and particles of asbestos dust would be suspended
in the air once it had dried. Unaware of the long-term complications of
this exposure, the shipyard workers did not wear protective clothing
or masks. Many mesothelioma patients who served on these ships
describe a cloud of white dust below decks whenever the large guns
of the warship were fired. Thus, a large proportion of the New England
population came into contact with substantial quantities of asbestos by
either working within the New England shipyards or serving in the
navy. Asbestos was also commonly used to insulate heaters within the
home, exposing an even larger New England population. The conse-
quence of this exposure is reflected in current geographical trends in
the prevalence of mesothelioma (Fig. 47.1).

The long latency period from exposure to development of the cancer
has contributed to the high frequency of pleural mesothelioma in the
greater Boston area during the past two decades. Prospective studies
following people with known asbestos exposure have demonstrated a
rapid rise in the incidence of malignant mesothelioma beginning at 
20 years postexposure and a peak incidence of approximately 0.6% per
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year 40 to 45 years after exposure. As discussed above, asbestos mining
and shipbuilding steadily increased to accommodate the war needs of
the United States Navy during the late 1930s and 1940s. The Surveil-
lance, Epidemiology, and End Results (SEER) Program data regarding
the incidence of malignant mesothelioma between 1973 and 2000 (Fig.
47.2) depicts a trend that correlates with this exposure pattern and the
known latency of disease.

Asbestos continued to be used in manufacturing for many years. In
the United States, it wasn’t until 1986 that the Toxic Substance Control
Act addressed the health risks of asbestos, giving the Environmental
Protection Agency (EPA) broad authority to regulate the manufac-
ture, use, distribution in commerce, and disposal of the carcinogenic 
substance.

When one considers the timing of these federal regulations, the
latency of the disease, the geographic distribution of asbestos exposure,
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Figure 47.1. Malignant mesothelioma: age-adjusted mortality rates by county,
United States residents age 15 and over, 1999. Note: Age-adjusted rates are not
calculated for those counties with one to four deaths. (Sources: National Center
for Health Statistics. Multiple causes of death data. Population estimates 
from U.S. Bureau of the Census. Work Related Lung Disease Surveillance
Report 2002. Division of Respiratory Disease Studies National Institute for
Occupational Safety and Health. U.S. Department of Health and Human 
Services. Center for Disease Control and Prevention. December 2002.
http://www.cdc.gov/niosh/docs/2003-111/2003-111.html.)



and the history of asbestos use, it is no coincidence that BWH has
become an epicenter of treatment for MPM.

The 1980s: Diagnosis and Recognition of the Disease

The Sydney Farber Cancer Institute was founded in 1949, and origi-
nally treated only childhood cancers. In 1969 it expanded its mission
to treat adult malignancies, and received federal designation as a re-
gional comprehensive cancer center in 1973. It was renamed the Dana-
Farber Cancer Institute in 1983. Located in Boston, Massachusetts,
across the street from both the Peter Bent Brigham Hospital (which
became the Brigham and Women’s Hospital in 1980), and the Harvard
Medical School, it soon became a major referral center for both aggres-
sive and unusual malignancies within the New England area. Mesothe-
lioma was among these cancers.

In March 1980, Karen Antman et al (11) published in the American
Journal of Medicine the experience with the first 40 malignant mesothe-
lioma patients treated at the Sydney Farber Cancer Institute. These
patients had been treated between 1965 and 1978. Thirty-four of the
patients had the pleural form of the disease and six patients had peri-
toneal mesothelioma. Sixty-three percent of these patients either
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Figure 47.2. Surveillance, Epidemiology, and End Results (SEER) incidence
age-adjusted rates for malignant mesothelioma, nine registries, 1973–2000.
[Source: SEER Program (www.seer.cancer.gov). SEER Stat Database: 
Incidence—SEER Nine Registries Public Use, November 2002 submission
(1973–2000). National Cancer Institute, DCCPS, Surveillance Research Pro-
gram, Cancer Statistics Branch, released April 2003, based on the November
2002 submission.]



reported an asbestos exposure or were employed in New England ship-
yards, generally during World War II. In this series, Adriamycin (dox-
orubicin hydrochloride)-containing chemotherapy regimens induced 
a partial remission in 40% of the previously untreated patients. Yet,
despite these remissions, the majority of patients (78%) ultimately died
of local disease. Subtotal resection in this series and others (12) resulted
in prolonged survival. Specifically, the 10 patients in Antman et al’s
review who underwent subtotal resections had a median survival of 15
months, compared to 8.5 months for the 20 patients who underwent
only diagnostic operations and other treatments. Further analysis
revealed that the median survival was a mere 4.2 months for patients
who were diagnosed with limited disease but chose only supportive
care.

Though Stout and Murray had distinguished mesothelioma from
sarcoma in the 1940s, the treatment for the two diseases remained quite
similar. Based on the findings published in their 1980 paper, however,
Antman et al concluded that mesothelioma was sufficiently different
from sarcomas to warrant treatment as a separate entity. Notwithstand-
ing the biases inherent in this type of retrospective review, their evidence
suggested an advantage to aggressive intervention. Therefore, the
authors advocated a multimodality approach incorporating maximal
surgical resection with adjuvant chemotherapy and radiation therapy.

In 1984, Antman organized a prospective multimodality protocol for
malignant pleural mesothelioma at DFCI. This ambitious protocol
started with an extrapleural pneumonectomy, as had been previously
described by both Worn and Butchart. When possible, chemotherapy
was started 4 to 6 weeks after surgery. Chemotherapy consisted of
cyclophosphamide at a dose of 600mg/m2, combined with Adriamycin
60mg/m2, to a cumulative dose of 450mg/m2. After 1985, patients also
received cisplatinum at 75mg/m2 (CAP chemotherapy). Radiation
directed at previous sites of bulky disease was given to a dose of 
5500 rad after the chemotherapy.

The accurate pathologic diagnosis of malignant mesothelioma also
proved to be a barrier to treatment development. The distinction
between lung adenocarcinoma and MPM is an important surgical
issue, as surgical treatment of these two illnesses is radically different.
Stimulated by the need to differentiate between these two histologi-
cally similar tumors, the pathology department of BWH drew on the
large source of explanted tumors at our institution. In 1987, the depart-
ment showed that staining for mucin and carcinoembryonic antigen
and a predominantly peripheral pattern of staining for keratin proteins
were highly characteristic of lung adenocarcinoma and allowed the dis-
tinction from malignant mesothelioma (13). In 1988, the department
identified monoclonal antibodies to AE1/AE3 keratin proteins as being
a sensitive method for the pathologic diagnosis of the sarcomatoid
form of diffuse MPM (14). Further work in 1990 showed that the mono-
clonal antibody ME1 was reactive in frozen tissue sections with normal
mesothelial cells and the epithelial type of malignant mesotheliomas
(15). The ability to differentiate MPM from lung adenocarcinoma, sar-
comas, and other pleural diseases made the BWH pathology depart-
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ment a major referral center for tissue blocks from around the world.
In turn, this process facilitated the additional accumulation of pleural
mesothelioma cases from areas outside of New England.

The Early 1990s: Development of 
Multidisciplinary Expertise

Surgery Staff

The Brigham and Women’s Hospital had a limited experience with
extrapleural pneumonectomy for MPM from 1980 to 1987 (Fig. 47.3).
Several cardiothoracic surgeons participated in these early efforts.
Similar to other institutions, the initial experience with the operation
was associated with high perioperative mortality and few long-term
survivors. After the board of trustees created the Division of Thoracic
Surgery at BWH in 1988, however, experience dramatically accelerated.
This separate academic division was to be dedicated to the care of
patients with noncardiac thoracic diseases. The work of this surgical
division began with David Sugarbaker’s return to Boston from his
Toronto General Hospital thoracic surgical training. The Toronto
program had become one of the most sought after thoracic surgical 
residencies in North America during the 1980s. A large and dynamic
faculty, under the direction of Griffith Pearson, had developed a rich
clinical practice, which included the first successful human lung trans-
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plants, extensive esophageal surgery, lung cancer surgery, and the
application of extrapleural pneumonectomy for MPM.

Steven Mentzer, a second alumnus from the Toronto program, joined
Dr. Sugarbaker in 1990 and the two surgeons produced a dramatic
increase in the volume of noncardiac thoracic operations performed at
BWH, including extrapleural pneumonectomies. Over the next 12
years, they were joined by surgeons Malcolm DeCamp, Jr., David
Harpole, Scott Swanson, Raphael Bueno, Jeanne Lukanich, Michael
Jaklitsch, Yolonda Colson, Philip Linden, Lambros Zellos, and Michael
Chang. Thus, only 12 surgeons have contributed to the BWH experi-
ence with extrapleural pneumonectomy, preserving the uniformity of
the operation. At the same time, this group of surgeons congregating
within a single institution sped the process of technical and clinical
modifications, which reduced the expected operative mortality in a
short period of time. Drs. Harpole, DeCamp, and Swanson currently
lead thoracic surgical programs at other institutions, leaving nine full-
time attending surgeons at BWH.

Intraoperative Expertise

Many contributions to the development of the modern extrapleural
pneumonectomy as it is currently performed at BWH, were made
through extensive discussions about surgical technique within the
extended international thoracic surgical community. It has always been
a goal of the members of this division to extensively describe potential
pitfalls of the operation to all surgeons interested in learning this 
surgical technique. This information has been disseminated through
written and oral presentations, with detailed illustrations. An early
forthright discussion of our operative technique, as well as some of the
technical difficulties with the operation, appeared in the 1992 publica-
tion by Sugarbaker et al (16).

As the operation begins, the patient, with a double-lumen endotra-
cheal tube in place, is administered general anesthesia. The patient is
placed in the lateral decubitus position. An extended posterolateral
thoracotomy incision is made over the course of the sixth rib. A sub-
periosteal resection of the sixth rib is performed, and a plane is devel-
oped between the parietal pleura and the overlying rib cage.

The extrapleural dissection is begun superiorly toward the apex of the
lung using both blunt and sharp techniques. Dissection is then begun in
a similar fashion inferiorly and laterally to the sulcus between the pleura
and the diaphragm (Fig. 47.4). The mediastinal pleura is then separated
from the underlying structures down to the level of the azygos vein on
the right and beneath the aortic arch on the left. Care is taken to prevent
avulsion of the internal mammary vessels, the subclavian artery, and the
azygos vein, as well as to keep the pleural envelope intact. During blunt
dissection of the pleura in the left paravertebral sulcus, care must be
taken to identify the correct plane. An incorrect retroaortic plane can
produce bleeding from avulsing intercostal vessels.

The pericardium is opened and the serosal surface is inspected to
ensure there is no direct invasion of tumor into the pericardial space.
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The diaphragm is divided in a circumferential fashion close to the 
chest wall. Care is taken when dividing the lateral bands of the
diaphragm to preserve the underlying peritoneum. The diaphragm is
separated from the peritoneum up to the lateral border of the peri-
cardium. The crus of the diaphragm is divided in such a way as to
prevent buttonholing of the inferior extent of the posterolateral pleura
as it extends into the posterior diaphragmatic sulcus. The phrenic
vessels are divided along the undersurface of the diaphragmatic crus.

The phrenic nerve is divided, and the pericardium is opened back to
the level of the pulmonary vessels (Fig. 47.5). The pulmonary artery is
dissected free from surrounding structures within the pericardium on
the right, and just outside the pericardium on the left. Once the 
pulmonary artery has been divided, the pulmonary veins are likewise
isolated from surrounding structures and divided. The posterior 
pericardium is mobilized to the level of the bronchus. The bronchus is
divided with a heavy gauge bronchial stapler, and the specimen is
passed off. A frozen section is obtained on the bronchial margin, and
other areas of suspicion for margin involvement by tumor. A pericar-
dial fat pad or pericardial flap is used to buttress the bronchial stump.
The diaphragm and the pericardium are reconstructed with Gore-Tex
patches.

Specific details learned through experience were highlighted in the
1992 description (16), including the importance of the careful dissec-
tion of the internal mammary vessels. These vessels, which are often
tightly adherent to the pleura, can be inadvertently avulsed with pos-
terior retraction of the tumor-filled parietal pleura. The placement of a
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nasogastric tube to facilitate the identification of the esophagus 
was included. Specific dissection techniques to laterally divide the
diaphragm while keeping the underlying peritoneum intact were
described. The recommendation to divide the pulmonary artery trunk
within the pericardium on the right and outside the pericardium on the
left were included. Finally, specific details regarding the diaphragm
and the structures piercing that muscle were given.

We have seen an evolution of the BWH techniques over the past
decade. Early publications described the use of a running monofila-
ment suture to anchor the prosthetic patches. This was abandoned
when the beating action of a posteriorly displaced left atrium onto a
Prolene knot produced an atrial laceration. The patches are now sewn
into place with a soft braided permanent Ethibond suture leaving the
knots outside the pericardium. Likewise, in our early experience, we
would place a prosthetic pericardial patch only on the right side, since
we believed that cardiac herniation was not possible on the left side.
After a small number of cases of an entrapment syndrome of epicar-
dial granulation tissue following heated chemotherapy, we changed
our practice and now place pericardial patches for all patients (17). We
observed a pattern of recurrence at previous chest tube sites, especially
if the patient had been treated with talc poudrage in the past and the
chest tube had been in place for greater than 2 days. In response, we
added the prophylactic excision of all previous pleuroscopy and chest
tube sites.
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Diaphragmatic patch rupture has been a vexing problem that
requires urgent reoperation as soon as it is recognized. In our earliest
reconstruction attempts, we used O-Vicryl sutures anchored in the
lateral remnant of the diaphragm muscle to loosely hold down the peri-
toneum; we placed an impermeable patch only if there was a peritoneal
defect (16). The reefing technique was quickly abandoned in favor of
patching all patients, with lateral sutures still in the lateral diaphrag-
matic remnant or around the lower ribs. Sugarbaker, using a leather-
working awl that could easily be sterilized, developed a simpler and
more reliable lateral anchorage system for the diaphragmatic patch.
Loops of suture material passed through the lateral edge of the patch
were then brought through the chest wall with the awl, where they
were passed through a small postage stamp–sized patch of the same
material and a sterile plastic button with the help of two angiocaths.
The loop of suture was then tied down to itself onto the button, pro-
ducing excellent lateral displacement of the patch. We have not recog-
nized a lateral diaphragmatic rupture since adopting this system.
Medial ruptures posterior to the pericardial edge and anterior to the
thoracic spine have continued to be an infrequent problem. These have
been minimized by three techniques: (1) a suture anchoring the patch
to the anterior spinal ligament, (2) a tongue of extra patch material
folded inferiorly along the lumbar spine in simulation of the diaphrag-
matic crus, and (3) a composite of two patches of 2-mm Gore-Tex
stapled together in the middle with a TA stapler to create a dynamic
patch at the center with less tension at the lateral suture lines. This last
technique allows the prosthetic patch to “give” without rupture if the
patient experiences abdominal distention.

The Division of Thoracic Surgery has extensively used the talent of
Marcia Williams as a surgical illustrator, since accurate surgical atlas
figures had not been developed for this operation. Illustrations were
created from firsthand observation within the operating room. These
illustrations have substantially contributed to the understanding of 
the magnitude of the operation for surgeons as well as nonsurgical 
care providers. The illustrations in this chapter are examples of her
work.

Postoperative Care

The development of the BWH program for surgical care of the pleural
mesothelioma patient has benefited from the input of all allied health
professionals as well as the thoracic surgeons. Our division has always
placed a high priority on a weekly quality assurance meeting attended
by all members of the thoracic team. At this regularly scheduled
meeting during the regular workweek, nurses, residents, fellows, nutri-
tionists, surgical data managers, pharmacists, social workers, and
attending thoracic surgeons discuss patient management issues. It has
been our practice to close the operating rooms during this meeting to
ensure that all members of the team are in attendance. This quality
assurance meeting has significantly contributed to preoperative patient
education, postoperative care, and intraoperative management.
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Operative mortality following extrapleural pneumonectomy at BWH
has consistently declined with increasing experience. This mortality
was initially reported as 6% following the first 31 patients (18). 
This dropped to 5.8% after 52 patients (19), to 5.0% after 120 patients
(20), to 3.8% after 183 patients (21), and to 3.4% after 328 patients 
(Sugarbaker, personal communication). Our nurses and residency staff
have become experienced at recognizing complications early and dif-
ferentiating a normal convalescence from an abnormal convalescence.
This recognition of subtle early signs of complications has produced
the statistical phenomenon of a simultaneously decreasing periopera-
tive mortality rate with an increasing perioperative morbidity rate. The
recognized overall postoperative morbidity rate rose from an initial
report of 19% in 1991 (18), to 60.4% in 2003 (personal communication).
This suggests that the entire multidisciplinary team had become more
adept at recognizing morbidity, and intervening in an aggressive
manner to stave off mortality.

The low perioperative mortality rate at BWH for an extrapleural
pneumonectomy is dependent on several factors. Technical mastery 
of the operation has limited the operative time. Equally as important,
anesthetic management has progressed sufficiently to anticipate peri-
operative hemodynamic changes, and reliably extubate the patient
soon after emergence from anesthesia. Experience within the nursing
staff and surgical residency staff has enabled the identification of post-
operative complications early in their course. This latter aspect has
been made possible by the close-knit physical location within the hos-
pital of individual perioperative units. The thoracic surgical operating
rooms are located within immediate proximity to each other, facilitat-
ing the intellectual input of more than one attending surgeon in a given
case. We have a dedicated thoracic anesthesia staff and thoracic peri-
operative nursing staff. The thoracic intensive care unit, intermediate
care unit, and postoperative wards are all located on the same floor of
the hospital building. Thus, a skilled and experienced perioperative
staff with extensive thoracic surgical experience has been developed.
For instance, one of the identified perioperative management issues is
the need for emergent reopening of a thoracotomy incision and open
cardiac massage in the face of sudden cardiac arrest. Closed chest com-
pressions are ineffective in patients who undergo extrapleural pneu-
monectomy, particularly right-sided resection, since the heart may be
displaced away from the thoracic spine and the sternum.

Objective Results of Surgical Advances and Resultant Discoveries

In 1991, Sugarbaker and colleagues (18) published their first case series
of patients receiving multimodality therapy for malignant mesothe-
lioma. This retrospective review of 31 patients undergoing extrapleural
pneumonectomy and subsequent adjuvant therapy demonstrated that
the operation could be performed with acceptable rates of morbidity
and mortality (19% and 6%, respectively), which was much improved
from earlier series (45% and 31% in 1976, and 24% and 9% in 1986). No
meaningful long-term survival assessment could be made.
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These promising results of the BWH program reflected not only 
the refinement of surgical skill and improvement in perioperative care,
but also the identification of prognostic variables with a consequent
improvement in patient selection. As was recognized in 1976 by
Burtchart et al (8), the success of extrapleural pneumonectomy was
largely dependent on selection of the most appropriate surgical candi-
dates. Sugarbaker realized the importance of this concept and focused
much of his attention on improving staging and defining operative can-
didates. In the case series published in 1991 (8), the authors noticed
trends toward improved survival in the subset of patients with nega-
tive histologic margins (Fig. 47.6). Though not statistically significant,
this trend was encouraging. The determination of negative histologic
margins required sampling at least 14 areas of the pleura in a protocol
developed by Joseph Corson of the pathology department.

In 1993, Sugarbaker et al (22) updated their experience after 52
patients had been treated with extrapleural pneumonectomy in a tri-
modality setting. This analysis demonstrated significantly longer sur-
vival in patients with epithelial histology and node negative disease
(Fig. 47.7A). Subset analysis of tumor size, gross residual disease, 
positive margins, and diaphragmatic tumor extension was still not 
statistically correlated with survival. Based on these findings, a BWH
pathologic staging system was proposed.

The original BWH staging system had four stages. Stage I comprised
tumors confined within the pleural envelope and without lymph node
involvement. Stage II, which would be modified in a few years, also
consisted of tumors within the pleural envelope, but with either intra-
parenchymal (N1) or mediastinal (N2) lymph nodes involved with
tumor (22). Stage III disease was made up of locally aggressive and
unresectable tumors beyond the pleural envelope that had invaded
into the mediastinum or chest wall, or through the diaphragm, or
involved contralateral (N3) nodes. Stage IV disease was defined by
distant metastases.

The concept of a pathologic staging system quickly led to efforts 
to accurately stage patients clinically and radiographically prior to
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attempted surgical resection. A prospective study of chest CT and chest
magnetic resonance imaging (MRI) to predict resectability of MPM
recruited 34 patients referred for possible extrapleural pneumonec-
tomy (23). All patients underwent both CT and MRI studies preopera-
tively. At the time of surgery, potential unresectable regions as
determined by imaging were explored first and surgery terminated if
resection was not possible. Scans that suggested transdiaphragmatic
invasion were verified by minimally invasive imaging of the under-
surface of the diaphragm in the operating room. Sensitivity for both
CT and MRI was above 90% in all regions; MRI was found to be 100%
sensitive in predicting unresectability due to diaphragmatic and chest
wall involvement, whereas CT was less sensitive (94% and 93%, respec-
tively). For mediastinal invasion, CT was 100% sensitive and MRI had
a sensitivy of 92%. Advanced disease precluding extrapleural pneu-
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monectomy in referred patients was a vexing problem at this time, as
evidenced by the observation that only 24% of these 34 patients were
found to be resectable. Since both CT and MRI contributed substan-
tially to avoiding an extended thoracotomy incision in patients who
were unresectable, both tests became part of our standard preoperative
workup.

Our extrapleural pneumonectomy experience was reanalyzed in
1996, after 120 patients had been treated (20). This report confirmed the
favorable prognostic factors of epithelial cell type and lack of nodal
disease (Fig. 47.7B). The small numbers available for analysis did not
yet allow differentiating a prognostic difference between N1 and N2
nodal disease. In addition, the previously published staging criteria
were validated, with survival stratifying according to the BWH patho-
logic stage. Though there was no direct comparison made to a non-
surgical control group, the data suggested a survival benefit with
trimodality therapy resulting in a median survival of 21 months as
compared to 4 to 12 months in the untreated population.

Parallel with the ongoing development of surgical expertise, medical
oncologists at BWH/DFCI were advancing knowledge and building on
their experience. The initial adjuvant chemotherapy program for MPM
at the BWH was a combination of 600mg/m2 cyclophosphamide,
60mg/m2 doxorubicin, and 70mg/m2 cisplatin (CAP) chemotherapy.
This chemotherapy was planned for every 3 weeks for four to six
cycles. It proved to be a difficult adjuvant regimen, however, and for
the 88 patients who received this therapy, a median of four cycles was
delivered, with a range between one and eight cycles (21).

In 1997, the CAP chemotherapy regimen was changed to a carbo-
platin and paclitaxel regimen, through the collaborative efforts of 
Gary Strauss of the medical oncology department, Elizabeth Baldini of
radiation oncology, and David Sugarbaker of thoracic surgery. This
treatment plan began with extrapleural pneumonectomy. Two cycles 
of chemotherapy given 3 weeks apart, with two cycles of Taxol 
(200mg/m2 as a 3-hour continuous infusion) and carboplatin [target
area under the curve (AUC) 6mg/mL ¥ min, IV bolus following Taxol
infusion] was started between 4 and 12 weeks postoperatively. Fol-
lowing these two cycles, the patient received thoracic radiation with
concurrent weekly Taxol (60mg/m2 as a 3-hour continuous IV infusion)
given weekly during radiation, for up to 6 weeks. Finally, two addi-
tional cycles of Taxol (200mg/m2) and carboplatin (target AUC 6
mg/mL ¥ min) completed the adjuvant therapy (21). This multi-
modality treatment plan was better tolerated than the previous 
doxorubicin-based regimen.

Radiation therapy ideally started 3 to 4 weeks following cycle number
two of chemotherapy. Radiation was given in five fractions weekly, once
per day, to a total dose of 40.5Gy. This was delivered in 1.5-Gy fractions
over 5 1–2 weeks. If a boost dose was delivered to treat a focal positive
margin was given, it was administered in 1.8-Gy fractions, yielding a
total of boost dose of 14.4Gy and total cumulative dose of 54.9Gy. The
initial clinical target volume was the entire hemithorax on the involved
side. Field borders were defined superiorly by the clearing the first rib.
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Laterally, the bony rib cage was cleared by 1.5cm. Superolaterally the
shoulder joint was blocked such that there was a 1.5-cm margin on the
bony rib cage. The medial border was 3cm over the midline to cover 
the mediastinum. Inferiorly, the field extended at least 1cm below the
diaphragmatic reflection of the pleura, often at the bottom of T12 or L1
vertebrae. A liver block was added at 30Gy. The liver block extended at
least 1cm above the reconstructed diaphragm. A full bolus of radiation
therapy was used to cover the incision as well as any drain or pleu-
roscopy sites. If a part of the incision or drain site was out of the photon
field, that region was treated with a dose of 21Gy delivered in three frac-
tions (700cGy ¥ 3) with en face electrons to a depth defined by the thick-
ness of the chest wall as measured by CT or MRI scan.

Although it took from 1980 to 1996 to accumulate 120 patients, 63
additional patients were treated over the next 3 years. The analysis of
these 183 patients was published in 1999 (21). Four significant variables
of improved survival were identified by log rank test: female sex 
(p = .03), epithelial cell type (p = .0001), negative resection margins 
(p = .02), and lack of extrapleural nodal involvement (p = .004). In this
analysis, we considered metastases to the extrapleural peridiaphrag-
matic nodes as N2 disease, since they lay outside the pleural envelope
and thus drained directly to the paraesophageal and internal mammary
nodes and not through the lung hilum.

These four variables were then entered into a Cox proportional
hazards model, which no longer identified gender as a statistically sig-
nificant variable. The most important predictor of outcome became his-
tologic subtype, followed by N2 nodal disease and positive resection
margins (Table 47.1).

Our previously published pathologic staging system was applied to
this large group of patients, and survival was significantly stratified by
stage (p = .048). Median survival intervals for patients with stage I 
(n = 66), II (n = 41), and III (n = 69) disease were 25, 20, and 16 months,
respectively. The identification of three main influences on survival by
the Cox proportional hazards model led us to revise our previous
staging system to account for positive margins and extrapleural nodes.
In the revised staging system, stage I was unchanged, stage II included
tumors limited by the pleural envelope but with tumor involving the
resection margins or disease in the N1 intraparenchymal nodes, and
stage III tumors either penetrated beyond the pleural envelope or
involved the N2 mediastinal nodes (21). These revisions improved the
survival stratification of our cohort of 183 patients (p = .0011, Fig. 47.8).
This same group of patients was not stratified by the international
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Table 47.1. Multivariate analysis of 183 extrapleural pneumonec-
tomy (EPP) resections
Variable n OR CI p value

Mixed or sarcomatous cell type 73 3.0 2.0–4.5 <.0001
Positive resection margins 110 1.7 1.2–2.6 .0082
Metastatic extrapleural nodes 40 2.0 1.3–3.2 .0026
n, number of patients; OR, odds ratio; CI, confidence interval.



tumor, node, metastasis (TNM) staging system for mesothelioms (24)
(p = .31) or by the Butchart staging system (37) (p = .09).

A subset of 31 patients within this group of 183 (17%) had the epithe-
lial subtype, negative resection margins, and negative extrapleural
nodal status. These stage I patients (by the revised Brigham staging
system) had a 51-month median survival with a 2-year survival of 68%
and a 5-year survival of 46%. This was encouraging data after more
than a decade of treatment refinement.

The International TNM Staging System (24) and the Butchart staging
system (8) failed to stratify survival when applied to our cohort of
patients. The TNM staging system placed 8% of our cohort into the
stage I category, 11% into stage II, 78% into stage III, and 3% into stage
IV. Since the very large majority of patients were categorized as stage
III, it becomes difficult to identify patients with different tumor char-
acteristics, which is necessary to stratify survival. In addition, the 
T descriptor was not a statistically significant predictor of survival on
log rank testing, reflecting the inability of this system to describe the 
biologic behavior of mesothelioma when applied to our patient 
population.

The staging system proposed by Butchart similarly did not signifi-
cantly stratify survival in our patients. A small number of patients were
categorized as having stage III disease (n = 5, 3%). The separate sur-
vival implications of pleural envelope penetration and nodal involve-
ment are not taken into account by this early staging system, reflected
by the majority of our patients being placed in the stage II category.

The revised Brigham Staging System has proven useful to us. This is
an easy-to-use, surgically based staging system, and stratifies patients
by ability to completely remove the tumor and involved regional
lymph nodes. Observer bias may exist because this staging system orig-
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Figure 47.8. Results in malignant mesothelioma patients with epithelial his-
tology having EPP at Brigham and Women’s Hospital (21).



inated at our institution and was based on an earlier cohort. Validation
by other institutions is required to judge the utility of this clinical
staging system.

Late 1990s: Development of Intraoperative Bicavitary
Heated Chemotherapy

Despite these advances in surgical technique and refinement in prog-
nostication and patient selection, the unfortunate fact remained that
nearly all patients eventually died of their disease within 10 years of
the operation. Recurrences appeared to result by direct extension 
from the ipsilateral hemithorax. Therefore, in the second half of the
1990s, the BWH group embarked on a new approach to multimodality
therapy.

The major treatment plan of the previous 10 years had started with
extrapleural pneumonectomy (EPP) because mesothelioma was pre-
dominantly a locoregional disease, and much of the early morbidity
was from local spread. Since most patients died as a result of the
primary cancer invading the diaphragm, chest wall, and mediastinal
organs, initial surgical debulking was chosen prior to the initiation of
chemotherapy in order to reverse the aggressive natural progression of
this disease.

In 1997, Baldini et al (25) published a detailed retrospective review
of 49 patients who underwent EPP and some combination of adjuvant
chemotherapy and/or radiotherapy with a focus on defining patterns
of failure. In this series, overall median survival was 22 months, and
34% attained 3-year survival. Resection margins were microscopically
positive in 61% of patients and lymph nodes positive in 29%. Of the
54% of patients with recurrences, 67% percent had the first recurrence
within the ipsilateral hemithorax, and 50% had recurrence at some time
within the abdomen.

Three potential sources of tumor cells are positive resection margins,
free intrathoracic cancer cells that have penetrated the pleura prior 
to resection, and spillage of tumor at the time of resection. In the
abdomen, shed tumor cells have been detected on fluid cytology prior
to dissection in 25% of patients amenable to curative resection (26). Sur-
gical dissection causes a dramatic increase in the rate of intraperitoneal
cancer cell shedding, up to 60% (27). These free cancer cells were shown
to be viable and able to implant (28). These cells can become attached
to the cavity surfaces within minutes, and cannot be dislodged with
irrigation. They can be entrapped by fibrin accumulations, and their
growth stimulated by healing wound growth factors (29). Delayed 
systemic chemotherapy may have no effect on tumor deposits em-
bedded in fibrin. We considered the use of intraoperative chemother-
apy as a potential solution to this problem.

The potential role of intracavitary chemotherapy as a method of
improving regional control had been studied previously in a variety 
of abdominal malignancies. The local application of chemotherapy
allows high cytotoxic levels to reach residual tumor cells by diffusion
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without the side effects of high-dose systemic chemotherapy. Intracav-
itary chemotherapy with or without hyperthermia had been favorably
reported in the literature.

In 1992, Markman and Kelsen (30) of Memorial Sloan-Kettering
Cancer Center, reported the use of intraperitoneal (IP) chemotherapy
in the treatment of MPM. Intraperitoneal cisplatin and mitomycin were
infused through a peritoneal catheter left in place after surgical debulk-
ing. Cisplatin (100mg/m2) was given every 28 days and mitomycin
(5–10mg) was given 7 days after each IP cisplatin dose. A maximum of
only five courses of cisplatin could be administered because of catheter
failure or disease progression. While the median survival for the 19
patients treated in this manner was only nine months, 4 patients (21%)
lived for more than 3 years from the initiation of therapy and two
patients were clinically disease-free more than 5 years from the start of
the intraperitoneal treatment.

Alberts et al (31) published a prospective randomized trial in the New
England Journal of Medicine in 1996. Intraperitoneal cisplatin was com-
pared to intravenous cisplatin in patients with stage III ovarian cancer
following cytoreductive surgery. Among the 654 randomized patients,
the estimated median survival was significantly longer in the group
receiving intraperitoneal cisplatin (49 months) than in the group receiv-
ing intravenous cisplatin (41 months).

The Memorial Sloan-Kettering Cancer Center in New York has 
completed two studies of intrapleural chemotherapy following radical
pleurectomy for MPM (32–34). Intrapleural chemotherapy consisted of
cisplatin 100mg/m2 and mitomycin 8mg/m2. This treatment modality
was well tolerated, with only two patients suffering grade 4 renal 
toxicity out of 28 patients treated. The pharmacokinetics of the drugs
were similar to that seen with intraperitoneal chemotherapy. The 
most common site of recurrence, however, remained the ipsilateral
hemithorax in these studies. In our analysis of this work, we felt that
pleurectomy would leave more residual tumor than an extrapleural
pneumonectomy, and believed that a higher dose of intracavitary cis-
platin might be achieved.

The use of hyperthermia as an anticancer treatment stems from
observations from about a hundred years ago and from tumor regres-
sion after high fever. Studies in the past 40 years have shown that
tumor cells have a much higher sensitivity to heat than normal cells
(35). Heat increases cell permeability, alters cellular metabolism, and
increases membrane transport of drugs.

Stehlin et al (36) used hyperthermic melphalan to perfuse the limbs
of patients with melanoma of the extremities. The 5-year survival of
the 30 patients treated with hyperthermic melphalin compared favor-
ably to the 27 patients treated with normothermic melphalin (80% vs.
20%). This observation has been confirmed by researchers at the
National Cancer Institute of Milan, Italy (37). The 5-year survival of 140
patients with stage IIIA melanoma of the extremity treated with hyper-
thermic chemotherapy was 51%, compared to 16% for 297 patients with
similar stage treated by conventional methods. This suggests a syner-
gistic effect of hyperthermia and chemotherapy.
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Van Ruth et al reported using doxorubicin and cisplatin in intraop-
erative heated chemotherapy protocols for malignant mesothelioma.
They found that doxorubicin was able to penetrate into the intercostal
muscle specimen. In their hands, intracavitary lavage with heated
doxorubicin and cisplatin was a safe procedure with the advantage of
high intrathoracic cytostatic drug concentrations, while having limited
systemic side effects.

Paul Sugarbaker, the director of surgical oncology of the Washing-
ton Cancer Institute at the Washington Hospital Center in Washington,
DC, and the older brother of David Sugarbaker, chief of the thoracic
surgery division of BWH, had accumulated extensive experience 
with heated intraperitoneal chemotherapy for peritoneal carcinomato-
sis of gastrointestinal malignancies as detailed in Chapter 49. His 
data stimulated the thoracic surgeons in Boston, who saw multiple 
similarities between peritoneal carcinomatosis and malignant pleural
mesothelioma.

The decision to design a phase I dose-escalation trial of heated intra-
operative cisplatin at the time of EPP had been supported by
BWH/DFCI and the leadership of all professional groups who would
be involved in patient care. The obstacles to be overcome were formi-
dable. Protocols to maximize both patient and staff safety were
designed by a multidisciplinary “heated chemotherapy” team, which
met once a week to develop guidelines for this novel therapy. Ideas
were actively sought from surgeons, anesthesiologists, pharmacists,
nurses, scrub technicians, medical oncologists, and respiratory thera-
pists to design the method of drug delivery and disposal in the oper-
ating room. Safety courses were required for all staff participating in
the protocol. Special isolation rooms with chemotherapy precautions
were prepared in the intensive care unit (ICU) with guidelines for 
disposal of patient contact items, which might be contaminated by 
cisplatin. The institutional review board (IRB)-approved protocol 
was rewritten to clearly delineate responsibilities for the surgeon, scrub
tech, circulating nurse, anesthesiologist, perfusionist, and ICU nurse.
Instructions were also written for postoperative cleanup and handling
of spills, based on guidelines from the Occupational Safety and Health
Administration (OSHA) and the Joint Commission on the Accredita-
tion of Healthcare Organizations (JCAHO).

On September 17, 1998, representatives from the thoracic surgeons,
thoracic anesthesia, operating room (OR) nursing and ICU nursing
from BWH traveled to Washington Hospital Center to observe patients
with peritoneal carcinomatosis treated with heated intraperitoneal
chemotherapy infusion. This allowed multidisciplinary interaction
with counterparts at the Washington Hospital Center. Technical points
were learned, sketches were made, and extensive discussions about the
safety and feasibility of this technique were held. This trip proved to
be an invaluable source of information in the development of the
intrathoracic heated chemotherapy perfusion protocol opened at BWH
in the spring of 1999.

In this protocol, patients underwent EPP with the objective of com-
plete cytoreduction of the cancer. Only 1cm3 or less residual disease
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was permitted. A sodium thiosulfate bolus of 4g/m2 was given intra-
venously (IV) followed by a 6-hour infusion of 12g/m2. This drug is
used to bind cisplatin that may have been absorbed into the vascular
space to prevent systemic toxicity.

The diaphragm was removed during the EPP. This permitted access
to both the abdomen and ipsilateral hemithorax for heated chemo-
therapy lavage. After the specimen was removed, but prior to recon-
struction of the diaphragm and pericardium, a 1-hour lavage of 
escalating doses of cisplatin heated to 42°C bathed both body cavities.
Urine output was maintained at 100cc per hour during the lavage and
for 1 hour afterward.

A temperature probe was placed in the esophagus, abdomen, and
chest. A plastic sheet was sewn to the edges of the thoracotomy wound,
draped over a retractor (Fig. 47.9). A slit in the plastic cover was made
to allow the surgeon’s double-gloved hand into the thorax to evenly
distribute the perfusate. A perfusion circuit delivered the drug in
heated peritoneal dialysate via a catheter in the pelvis, and a drain in
the thorax collected the perfusate and returns it to the pump. A heat
exchanger maintained the temperature of the lavage for 1 hour. A
smoke evacuator was used to pull air from beneath the plastic cover
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Figure 47.9. Technique of two cavity hyperthermic perfusion for malignant
pleural mesothelioma (see text for details).



through activated charcoal, preventing any possible contamination of
air in the operating room by chemotherapy aerosols.

Our initial circuit prototype used a roller pump. Overpressurization
of the arterial tubing led to drug leakage. At the suggestion of our per-
fusionist, Daniel Fitzgerald, this circuit was modified to include a cen-
trifugal pumphead.

The initial trial was a dose-escalation trial to determine the
maximum tolerated dose (MTD) of heated bicavitary cisplatin. The
dose started at 50mg/m2, and increased by 50 to 25mg/m2 after every
three patients until two patients had an irreversible grade 1 renal 
toxicity. Pharmacokinetic blood and tissue specimens were collected
every 10 minutes during the perfusion. Tru-Cut needle biopsies were
obtained from the chest wall to determine depth of penetration.

Although final analysis of this protocol has not yet been published,
preliminary observations were presented to the American Society of
Clinical Oncology (ASCO) meeting in the spring of 2001. Unique
aspects of this trial included the magnitude of surgery for cytoreduc-
tion (EPP), the bicavitary lavage (both abdomen and thorax), and the
heating of the chemotherapy. Of the seventy patients enrolled, 50 com-
pleted the protocol. The MTD was significantly higher than in previ-
ous trials and the intrathoracic tissue levels of platinum obtained at the
MTD were sixfold higher than at the commonly published dose of sys-
temic chemotherapy. Operative mortality was 2%. Constrictive peri-
carditis was documented in 10% and required reoperation in 8%. Four
of 50 patients had a prolonged intubation and 6% suffered grade II
renal insufficiency. Grade II and grade III lymphopenia was noted in
33% and 8% of patients, respectively. Of note, 12% had technical com-
plications including bleeding and patch failure. When compared to
matched controls, there was an equivalent median length of stay of 9
days. When compared to a matched cohort of patients who underwent
EPP alone, the data support the feasibility of the administration of
intracavitary heated chemotherapy with comparable morbidity and
mortality.

Influenced by Rusch et al (33), Roberts (39), and others, we began 
to offer radical pleurectomy for patients who were unsuitable for
extrapleural pneumonectomy (Fig. 47.3). This included patients with a
decline in their functional status and elderly patients. Furthermore, we
would perform radical pleurectomy when the original operative intent
had been to perform an EPP, but unresectable bulky tumor was found
beyond the plane of resection. As a result, we gained experience with
this operative alternative over the past decade.

Once our heated chemotherapy trial for EPP patients had been
opened, and we had worked out many of the trouble spots, a second
trial for pleurectomy patients was written. This also was a dose-
escalation trial, but the doses were lowered for fear that there would
be more intravascular absorption of the drug through the ipsilateral
lung after the visceral pleurectomy.

In the spring of 2003, we presented our initial experience with intra-
operative bicavitary hyperthermic cisplatin lavage at the time of radical
pleurectomy for pleural mesothelioma at the meeting of the ASCO.
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This was a phase I–II study that prospectively enrolled 60 patients with
biopsy-proved extrapleural pneumonectomy, not considered to be can-
didates for extrapleural pneumonectomy. Forty-four of these patients
underwent successful radical pleurectomy and a 1-hour lavage of the
ipsilateral hemithorax and abdomen with dose-escalated cisplatin at
42°C. Sodium thiosulfate 16g/m2 was infused intravenously over 6
hours. The postoperative mortality was five of 44 (11%). The dose-
limiting renal toxicity occurred at 250mg/m2, establishing the MTD at
225mg/m2. Significant cisplatinum was detected in lung and chest wall
biopsies obtained at the time of lavage and was linearly related to the
perfusate concentration. Interestingly, survival of these patients dif-
fered significantly depending on platinum dose. Low-dose patients
(50–150mg/m2, n = 9) had a median survival of 6 months versus a
median survival of 9 months for patients with middle doses (175–
200mg/m2, n = 8), and a median survival of 19 months for patients
treated at the MTD (n = 23, p = .0017). Neither age, preoperative forced
expiratory volume in 1 second (FEV1), nor adjuvant therapy accounted
for the survival difference, suggesting that intraoperative bicavitary
hypothermic cisplatin lavage may have a role to play for those unable
to undergo extrapleural pneumonectomy.

The New Millennium and New Frontiers

Folate Antagonists

Despite the combined efforts of researchers throughout the world, the
molecular events that ultimately led to the development of MPM still
were not well understood by the year 2000. Our basic science labora-
tories applied screening differential display to explanted tissue samples
preserved over the past decade in our tissue bank in an effort to iden-
tify how RNA expression in mesothelioma tumor cells differed from
that of normal lung and pleura. These tissues were homogenized and
the RNA extracted and amplified by the polymerase chain reaction.
After electrophoresis, a display of bands of the gene products was dis-
played with the tissues lying side by side. This allowed the identifica-
tion of 60 bands that were different between the tissues. One band, 
with 92% homology to the human a-folate receptor complementary
DNA (cDNA), was highly expressed in 45 of 60 mesothelioma tissues
studied.

The a-folate receptor is a glycoprotein on the cell membrane that
binds folate and brings it within the cell for use in constructing the
purines and pyrimidines, basic building blocks of RNA and DNA.
Folate is essential for the rapidly dividing cell, and its absence may lead
to megaloblastosis and premature cell death.

Other investigators had already noted that methotrexate, which is a
chemotherapeutic agent that is a folate analogue and blocks folate
metabolism, was one of the few agents that had a significant response
to mesothelioma, a notoriously chemotherapy-resistant tumor (40).
Two antifolate-based chemotherapy combinations emerged at the 
start of the new millennium: pemetrexed/cisplatin and raltitrexed/
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cisplatin. In a phase I trial of pemetrexed/cisplatin, objective responses
occurred in 5 of 11 (45%), and in a phase I trial of pemetrexed/
carboplatin, responses occurred in 9 of 29 patients (31%) (40).

A phase III multinational trial randomized 456 patients with MPM
to 75mg/m2 cisplatin with or without 500mg/m2 pemetrexed (41). This
was the largest clinical trial ever conducted in the treatment of MPM,
and the trial completed accrual in February 2001. Response rates were
41% in the pemetrexed/cisplatin arm, compared to 17% in the cisplatin
arm (p < .0001). Median survival was significantly better when the
antifolate was added (12 months vs. 9 months, p = .02). Pemetrexed is
now marketed as Alimta by Eli Lilly, and has been approved in com-
bination with cisplatin by the Food and Drug Administration for com-
bination treatment of mesothelioma.

We have had the anecdotal experience of a patient who failed
attempted EPP for MPM due to bulky tumor beyond the plane of 
resection. This patient was then treated in the Alimta/cisplatin trial at
DFCI. The radiographic response was dramatic, and the patient 
successfully underwent EPP afterward. This experience may become 
a model for a multimodality treatment protocol using neoadju-
vant Alimta/cisplatin for patients who appear radiographically 
unresectable.

Gene Ratios

Investigators at DFCI and in the Thoracic Surgery Division laborato-
ries began to use gene microarrays to analyze mesothelioma tissues.
Microarrays are cassettes that can simultaneously test for thousands of
genes within a tissue sample. As an applied technique for diagnosis,
however, we found it to have limited value in patient care because of
the complex computational analysis required, the number of samples
needed to draw statistically meaningful conclusions, the inability to
independently analyze new samples without reference to additional
samples, and the quantity of RNA required for such studies.

In 2002, Gordon et al (42), working within the Division of Thoracic
Surgery, overcame these obstacles with the application of gene ratios.
When a cell becomes neoplastically transformed (i.e., a tumor cell),
changes typically occur in the expression of key genes. In simplistic
terms, every cell can be thought of as expressing some benign and some
malignant genes. The degree to which these genes are transcribed and
subsequently translated into protein (i.e., expressed) can be quite dif-
ferent between normal and cancer cells.

Using a training set of 32 discarded MPM and lung adenocarcinoma
samples collected in the tissue bank from 1993 to 2001, five genes were
found to be highly expressed in MPM tissues and three genes were
found to be highly expressed in lung adenocarcinoma (42). These 
eight genes can be used to express 15 pairs of ratios with an MPM-
associated gene in the numerator and an adenocarcinoma gene in the
denominator. Ratios >1 predict MPM and ratios <1 predict adenocarci-
noma. These 15 pairs each proved to be between 91% and 98% accu-
rate at predicting the correct histology of an additional 149 test tissue
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samples. Accuracy was increased to 95% to 99% by using two or three
ratios as a simple test.

The power of a gene ratio test extends beyond the ability to accu-
rately differentiate between two tumor types. This test may be able to
predict outcome in patients. To test this hypothesis, Gordon et al (43)
defined two outcome groups (good and poor) based on known sur-
vival. They then used statistical methodology to correlate gene expres-
sion profiling data with survival outcomes to identify gene expression
patterns that are markedly different between the two groups. From
these data, they developed prognostic expression ratios that proved to
be highly accurate in predicting treatment-related outcome in mesothe-
lioma samples. A four-gene expression ratio test accurately predicted
treatment-related patient outcome in mesothelioma independent of
histology. This test may help stratify patients into treatment groups,
which could optimize treatment strategies. It may limit the number of
people who undergo radical surgery to those most likely to benefit.
Finally, it may suggest a mechanistic pathway by which some tumors
act more aggressively, and point the way to new therapies.
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48
Peritoneal Mesothelioma: 
The Columbia Experience

Jennifer A. Wagmiller, Mary-Louise Keohan, John A. Chabot, Karen Fountain, 
Mary Hesdorffer, and Robert N. Taub

Malignant peritoneal mesothelioma is a rare malignancy, comprising
about one fifth of the 2500 cases of mesothelioma diagnosed in the
United States each year (1). Though long-term spontaneous remissions
have been reported (2,3), survival without treatment is typically less
than 1 year. Treatment regimens employing only single modalities such
as systemic chemotherapy, surgery, or intraperitoneal chemotherapy
have not improved survival. Over the past 30 years, increasingly
aggressive multimodality regimens have been developed that appear
to have enhanced survival in selected patients. Given the rarity of this
malignancy, the numbers of treated patients are small, and, until
recently, prospective clinical trials of consistently used structured treat-
ment regimens had not been carried out.

At the Columbia University Mesothelioma Center, our intent has
been to combine as many as possible of the most effective drugs, sur-
gical techniques, and radiotherapy into a structured, highly intense and
aggressive multimodality treatment protocol for malignant peritoneal
mesothelioma. In two clinical trials that enrolled patients from 1997 
to 2002, patients underwent initial cytoreductive surgery followed 
by normothermic and hyperthermic intraperitoneal chemotherapy,
intraperitoneal gamma-interferon, second-look laparotomy, and total
abdominal radiation, with encouraging results.

Peritoneal Mesothelioma Background

Peritoneal mesothelioma is associated with documented asbestos 
exposure, but less frequently than with pleural mesothelioma (15–30%
vs. 60–70%) and these patients often have a history of higher asbestos
exposure and are younger than those with pleural mesothelioma (4).
Apart from asbestos, there is evidence that chronic peritonitis, such as
that seen in familial Mediterranean fever (5), and radiation (6) may 
predispose to peritoneal mesothelioma. Infection with the DNA tumor
simian virus 40 (SV40) may as well be a risk factor for the development
of mesothelioma (7), though it has been difficult to definitively estab-
lish this relationship in laboratory studies.
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The tumors arise from the serosal surface of the peritoneal cavity,
and, just as in the pleural type (7), may be of epithelial, sarcomatous,
or mixed epithelial-sarcomatous histology, sarcomatous having the
worst prognosis.

Rationale for Local/Regional Therapy: Debulking,
Radiation, and Intraperitoneal Chemotherapy

The natural history of peritoneal mesothelioma suggests that inten-
sive local/regional treatment would be advantageous. Mesothelioma
usually stays confined to the abdominal cavity, although it can extend
into the pleural space or metastasize to mediastinal or other distant
nodes. The epithelial variant ordinarily does not invade solid organs,
but can infiltrate into the omentum, causing “caking.” Typically there
are multiple sites of cancer on the peritoneum at presentation, but the
extent of disease can vary. In patients who present with significant
ascites, the fluid spreads the mesothelioma cells throughout the peri-
toneal cavity, causing all surfaces to be exposed (8). In the “pain pre-
dominant” clinical presentation (often a manifestation of sarcomatoid
mesothelioma), a limited number of sites are common, with organ inva-
sion and nerve infiltration, but distant metastases are rare. In either
case, a rationale exists for debulking surgery, and possibly for total
abdominal radiation.

Peritoneal mesothelioma is known to be responsive to intracavitary
chemotherapy. Intraperitoneal chemotherapy allows much higher
levels of drug to be directed to the malignancy, while limiting the
amount systemically absorbed and its toxicity. Although intraperi-
toneal chemotherapy has been administered as a prelude to debulk-
ing surgery (1), if massive disease is present it may not be optimal.
Studies with several agents, including methotrexate, doxorubicin, 5-
fluorouracil, and cisplatin, indicate that cytotoxic levels of drug pene-
trate tumor nodules to a depth of only 1 to 3mm (9); thus, tumor
nodules larger than 1.5cm would be reduced in volume by less than
one log. This suggests that intraperitoneal chemotherapy might best be
applied in patients already debulked by surgery and with only small
lesions (0.6cm or less).

Novel Therapies for Peritoneal Mesothelioma

With refinements in intracavitary chemotherapy for pleural mesothe-
lioma and for gastrointestinal and ovarian abdominal carcinomatosis,
techniques used in their treatment have been tried in peritoneal
mesothelioma.

Hyperthermic Intraperitoneal Chemotherapy

Since the 1980s, hyperthermic intraperitoneal chemotherapy has been
attempted with multiple agents such as doxorubicin, cisplatin, gem-
citabine, mitomycin C, and tumor necrosis factor (TNF), in the treat-
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ment of ovarian, gastric, and colorectal cancers, sarcoma, and peri-
toneal mesothelioma. The exact mechanism by which hyperthermic
chemotherapy works is not understood, whether by direct effects on
cells or by enhancement of drug activity. Such studies are not defini-
tive, but support the use of hyperthermic chemotherapy, on the basis
of demonstrated effectiveness and acceptable morbidity and mortality
data (10,11).

Immunomodulator Therapy

Intracavitary immunotherapy has been given to pleural mesothelioma
patients with early studies suggesting safety and antitumor activity.
Eighty-nine patients with early-stage pleural mesothelioma were
treated with intrapleural recombinant gamma-interferon (12). Eight
patients were demonstrated to have a complete pathologic response
and nine to have partial responses. However, in the stage 1 patients,
the overall response rate was higher, with 45% of patients showing a
response. Toxicities included hyperthermia, liver toxicity, neutropenia,
and catheter-related infection (12). Intrapleural interleukin-2 also
showed activity and a tolerable side effect profile in a phase II mesothe-
lioma study of 22 patients, 11 with partial response and one with com-
plete response (13).

Multimodality Treatment of Peritoneal 
Mesothelioma Using Cytoreductive Surgery and
Intraperitoneal Chemotherapy

Several U.S. centers have recently published the results of their expe-
rience with treatment of malignant peritoneal mesothelioma using
cytoreductive surgery with intraperitoneal chemotherapy. In addi-
tion to variability in patient selection, surgical technique, and choice
and timing of chemotherapy, different combinations of preoperative 
or postoperative hyperthermic intraperitoneal chemotherapy, systemic
chemotherapy, abdominal radiation, and re-laparotomy, were
employed.

The earliest published study of aggressive multimodality therapy
described six patients with nonbulky peritoneal mesothelioma who
were treated with cytoreductive surgery, intraperitoneal doxorubicin,
and cisplatin, some of whom were also given systemic chemotherapy
followed by whole abdominal radiation (14). In the first report of these
patients, all were alive with no evidence of disease at 9 to 34 months.
In a later report, 25% of a larger series of patients were alive at 5 years
(15), and at least one lived ~20 years when he died of lung adenocar-
cinoma with no evidence of persistent mesothelioma.

Cytoreductive surgery immediately followed by heated intraperi-
toneal chemotherapy with mitomycin was used to treat 12 patients
between 1992 and 2001, with a reported 33% 5-year survival, and
median survival of 34 months (16).
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The investigators at the Washington Cancer Institute reported a
series of 51 patients treated between 1987 and 2002 (1). They attempted
to treat all patients with cytoreductive surgery with hyperthermic
intraperitoneal chemotherapy immediately following the debulking.
Nine patients with massive ascites had intraperitoneal cisplatin 
and doxorubicin prior to the initial cytoreductive surgery. The last 
18 patients were also eligible to receive a course of normothermic
intraperitoneal chemotherapy. In 11 patients, a second-look surgery
was done, and in three, a third look. The median survival reported was
50 to 60 months.

While direct comparisons of these regimens are not possible due to
study design and length of follow-up, the overall picture is that in these
selected patient populations, the aggressive multimodality treatments
have extended median survival to at least 19 months. In addition to the
survival gains, symptomatic improvement, such as ascites control, was
regularly achieved by these aggressive treatments.

In planning our own studies, it remained unclear how to optimally
combine these interventions to prolong patient survival while mini-
mizing side effects. One variable among the different series is the
timing of the hyperthermic intraperitoneal chemotherapy, which was
performed either immediately after the first cytoreductive surgery, or
was delayed until second-look surgery/repeat debulking. Another
consideration is that recent series did not utilize whole abdominal radi-
ation therapy, although this was integral to the initial Boston multi-
modality trials. Our philosophy has been to initially maximize intensity
of treatment and number of modalities administered in an attempt to
improve upon current poor survival figures, with a view toward elim-
inating unnecessary elements of treatment in successive studies.

The Columbia University Experience

Patients

Forty patients have been enrolled in two consecutive phase I/II studies
at Columbia Presbyterian Medical Center between 1997 and 2002. Both
protocols were reviewed and approved by the institutional review
board. To be eligible, patients must have had histologically confirmed
malignant mesothelioma. They were permitted to have had limited
chemotherapy and surgery for the disease prior to enrollment (zero to
two chemotherapy regimens, but at least 6 weeks must have elapsed
since chemotherapy; prior surgical resection preceding disease recur-
rence was acceptable, but at least 1 week must have elapsed since
surgery). Patients who had had prior abdominal or lower chest radia-
tion therapy were ineligible. Pregnant or lactating females were
excluded. Patients were required to have a life expectancy of at least 2
months, be over 18 years of age, and have a SWOG performance status
of 0 to 2. Patients were required to have adequate hematologic, renal,
and hepatic function (white blood cell count of >3000/mL, platelet
count of >100,000/mL, blood urea nitrogen (BUN) <1.5¥ normal, calcu-
lated creatinine clearance of ≥45mL/min, bilirubin <1.5¥ normal).
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Patients with a history of malignancy within the past 5 years other than
curatively treated carcinoma in situ of the cervix or skin cancer were
ineligible. Additionally, patients could not have a serious medical or
psychiatric condition that would prevent intensive treatment.

Treatment

Cytoreduction
All patients underwent exploratory laparotomy through a midline ver-
tical incision, with total omentectomy and excision of all gross peri-
toneal, retroperitoneal, and pelvic disease. The surgeon attempted to
remove all nodules of >1cm diameter. Peritoneal catheters were placed
bilaterally and tunneled through the abdominal wall to prevent leakage
of the intraperitoneal chemotherapy. Parenchymal organs were not
ordinarily removed as part of the surgery, except for resection of seg-
ments of ileum or colon judged to be involved by invasive tumor. If
debulking resection was not possible without organ removal, the
patient was dropped from the protocol.

Normothermic Intraperitoneal Chemotherapy
Three to 4 weeks following surgery, intraperitoneal therapy was initi-
ated. In the first trial, patients received four courses each of intraperi-
toneal cisplatin (100mg/m2) alternating with doxorubicin (25mg)
weekly, followed by four weekly courses of gamma-interferon (9
million units initial dose, followed by 30 million units weekly for three
doses) (17). In the second trial, patients continued to receive doxoru-
bicin (25mg, weeks 1, 4, 7, 10) but the cisplatin was given in com-
bination with gemcitabine (cisplatin 50mg/m2 plus gemcitabine 
100mg/m2; weeks 2, 5, 8, 11) and followed by gamma-interferon 
(300mg week 13, 1000mg weeks 14, 15, 16).

Second-Look Surgery and Hyperthermic 
Intraperitoneal Chemotherapy
Two to 4 weeks after the last dose of gamma-interferon, the patients
underwent second-look surgical exploration of the abdomen and
pelvis. If no gross disease was seen (no nodules >1cm), multiple biop-
sies were obtained and hyperthermic intraperitoneal chemotherapy
was given. A recirculating perfusion circuit with a roller pump heat
exchanger connected to suprahepatic inflow and pelvic outflow
catheters was employed to administer the hyperthermic intraperitoneal
chemotherapy while the patient was still under general anesthesia (18).
In the first protocol, patients received mitomycin 10mg/m2 and cis-
platin 100mg/m2 in 2L normal saline at 40.5° to 42.5°C infused over
90 minutes. In the second protocol, the dose of cisplatin was reduced
to 75mg/m2. Cisplatin was not given if the creatinine clearance was
less than 45mL/min.

If technically resectable disease, gross disease (nodules >1cm) was
found, intraoperative hyperthermic chemotherapy was given as
described above. Patients with technically unresectable disease were
taken off protocol and considered for systemic chemotherapy.
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Radiation Therapy

Two to 4 weeks following surgery, all patients except those with unre-
sectable residual disease, began a course of radiation therapy lasting 5
to 7 weeks. All fields were treated each day with blocks over the lower
portion of the heart and femoral heads and associated soft tissue of the
pelvis. Treatment breaks were given for white blood cell counts of less
than 1500 or platelets of less than 75,000, or for intractable nausea and
vomiting.

For patients who had not received the full course of intraperitoneal
chemotherapy, a 67% transmission block was used to attenuate the
dose given to the abdomen above a line drawn through the L5-S1 
interspace. They were given daily fractions of 120cGy in the upper
abdomen and 180cGy in the pelvis (prescribed to the central axis) five
times weekly to parallel and opposed anteroposterior (AP) to pos-
teroanterior (PA) portals, utilizing a 6-MV photon beam. After 
1800cGy, full-thickness AP and PA kidney blocks were added. These
patients were treated to a total dose of 3000cGy to the upper abdomen
and 4500cGy to the pelvis.

With patients who did receive the full course of intraperitoneal
chemotherapy, patient transmission blocks were not used. The upper
abdomen and pelvis were treated uniformly at the rate of 100 to 
150cGy per fraction. Kidney blocks were added after 1400 to 1550cGy
to both the anterior and posterior portals. They were treated to a total
dose of 3000 to 3080cGy to the upper abdomen and 4500cGy to the
pelvis.

Results and Discussion

Twenty-seven patients were enrolled in the first protocol between 1997
and 2000, 23 with the epithelial subtype and four with sarcomatous 
or mixed (sarcomatous-epithelial) disease (Table 48.1). At this time,
median survival for the entire cohort has not been reached (Table 48.2).
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Table 48.1. Tobacco and asbestos exposure in 27
patients with peritoneal mesothelioma treated
at Columbia-Presbyterian Medical Center
Median age at enrollment 51 years
Gender

Female 7 patients
Male 20 patients

Asbestos exposure
Yes 18 patients
No 9 patients

Tobacco history
Yes 17 patients
No 10 patients

Status
No evidence of disease 10 patients
Alive with disease 6 patients
Died of disease 11 patients



Of the 23 with epithelial disease, 10 patients show no evidence of
disease after a median >40 months. Six patients had persistent disease
at 27 to 62 months (median >42 months). Seven patients succumbed to
progressive disease at 9 to 42 months (median 20 months). The four
patients with sarcomatoid or mixed disease did not benefit from mul-
timodal treatment; all progressed and succumbed at 1 to 11 months
(median 4 months). The Kaplan-Meier survival curve for the cohort is
shown in Figure 48.1. The second trial has enrolled 13 patients and is
still accruing; data from that trial are not yet available.

Our experience at the Columbia University Mesothelioma Center, 
as well as that at other centers, suggests that with aggressive 
multimodality treatment, peritoneal mesothelioma can be a treatable
disease, with some patients achieving long-term disease-free survival.
Although the initial patients treated in 1984 all had a minimal disease
burden, many of our recent patients had extensive omental disease, or
significant nodular disease in the pelvis and colic gutters. This would
suggest that our results are due only in part to selection of patients by
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Table 48.2. Outcome of patients treated with trimodal regimen
Subtype of Number of
mesothelioma patients NED AWD DOD

Epithelial 23 10 patients 6 patients 7 patients
survival 22–61mo survival 27–62mo survival 9–42mo
(median 40mo) (median 42mo) (median 20mo)

Sarcomatous and 4 0 patients 0 patients 4 patients
mixed sarcomatous- survival 1–11mo
epithelial (median 4mo)
NED, no evidence of disease; AWD, alive with disease; DOD, died of disease.

Figure 48.1. Kaplan-Meier survival curve for 27 patients treated with trimodal
protocol by subtype. Note that overall median survival has not been reached.



performance status, histology, and operability, and whose likelihood of
survival may have been intrinsically better. A recent report of 25 cases
of peritoneal mesothelioma in women suggested that prolonged sur-
vival after therapy could not be predicted by histology or extent of
disease at presentation (19). Certainly the achievement of the disease-
free state is almost never achieved without active intervention.

Our results agree with and extend the observation in malignant
pleural mesotheliomas (20) of much poorer outcomes for patients 
with sarcomatous pathology than for those with primary peritoneal
disease. We have recently noted that the microarray gene profiles of
these patients differ significantly from those with epithelial disease
(21). We have noted that our patients with sarcomatous or mixed 
histology often presented with bulky disease invading solid organs,
which persisted or recurred rapidly after surgery. As additional results 
from genomic studies and from our second phase II trial become 
available, we hope to better assess which patients should receive
aggressive treatment, and whether abdominal radiation contributes to
survival.
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49
Surgery, Hyperthermic
Chemoperfusion, and Postoperative
Chemotherapy: The National Cancer
Institute and Washington Hospital
Center Experience
Nancy M. Carroll, Faheez Mohamed, Paul H. Sugarbaker, and H. Richard Alexander

Patients with peritoneal mesothelioma, by virtue of the propensity of
the tumor to remain confined to the peritoneal cavity through most, 
if not all, of the disease course (1), are good candidates for regional
intraperitoneal therapy. Regional therapy has the theoretical advantage
of exposing tumors to high doses of therapeutic agents while limiting
systemic toxicity (2). The barrier effect of the peritoneum provides a
pharmacokinetic advantage compared to intravenous administration
(2).

The Washington Cancer Institute (WCI) and the National Cancer
Institute (NCI) have independently developed protocols utilizing 
combined therapy consisting of cytoreductive surgery, continuous
hyperthermic peritoneal perfusion (CHPP), and postoperative
intraperitoneal chemotherapy for the treatment of peritoneal mesothe-
lioma. The largest studies of this combined therapy for peritoneal
mesothelioma reported in the literature have been conducted at these
two institutions (3–7). This chapter summarizes the experience of the
WCI and NCI in treating peritoneal mesothelioma with combined
therapy. Though well-controlled random assignment trials comparing
combined therapy to alternative therapies have not been conducted,
encouraging results in single-arm studies suggest that the considera-
tion of combined therapy as a treatment option for selected patients
with peritoneal mesothelioma is warranted.

Presentation

Most patients with peritoneal mesothelioma present with abdominal
distention or pain and are found to have diffuse intraperitoneal dis-
ease (1). The peritoneal surface is typically studded with nodules, and
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dependent peritoneal surfaces may exhibit confluent tumor (Fig. 49.1).
The omentum is often extensively involved early in the disease. It is
likely that the tumor disseminates throughout the peritoneal cavity by
peritoneal fluid flow, gravity, and other factors. The small bowel is
often spared early in the disease as, it is thought, peristalsis impedes
tumor implantation on the small bowel. However, in advanced condi-
tions, tumor may encase the bowel leading to intestinal obstruction (8).
Ascites is present in up to 90% of patients. The peritoneal fluid may be
watery or viscous with abundant mucopolysaccharides (8). Often peri-
toneal fluid cytology does not reveal malignant cells, and the diagno-
sis is made from specimens obtained at laparoscopy or laparotomy (3).

Early series reported a median survival of patients with peritoneal
mesothelioma of approximately 1 year. More recent studies show 
substantially longer survival. Table 49.1 lists numerous reports of the
median survival of peritoneal mesothelioma. Peritoneal mesothelioma
shows a wide spectrum of biologic aggressiveness, and a number of
histologic variants have been identified. Although some investigators
have reported that sarcomatous-type tumors are aggressive and 
epithelial-type tumors are more indolent (9), it has not been definitively
established that histology is associated with outcome (10). Over 80% of
peritoneal mesotheliomas are of the epithelial type.

The majority of patients die from complications of intraperitoneal
tumor progression, including small bowel obstruction and inanition
(1,11). The tumor may spread through the diaphragm to the pleura and
pericardium. Metastases can occur, but death is rarely the result of
metastatic disease (1). When symptoms from extraperitoneal extension
occur, it is usually late in the disease course.
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Figure 49.1. Intraoperative photograph of the abdomen of a patient with peri-
toneal mesothelioma demonstrating the typical studding of the peritoneum
with tumor nodules.



Combined Therapy at the NCI and WCI

For the purposes of this chapter, the term combined therapy refers to a
treatment strategy consisting of cytoreductive surgery in combination
with planned intraoperative delivery of heated chemotherapy and, in
some cases, early postoperative intraperitoneal chemotherapy. Surgical
cytoreduction consists of systematic resection of tumor with or without
involved viscera, omentectomy, peritonectomy, and lysis of adhesions.
Subsequently, large-bore catheters are positioned in the abdominal
cavity for high-flow delivery of heated chemotherapy, and the abdo-
men is agitated to ensure even perfusate distribution (4,5,12). This is
followed by early postoperative intraperitoneal chemotherapy before
adhesions might impair the distribution of chemotherapy. Combined
therapy, as practiced at the NCI for patients with mesothelioma, con-
sists of intraoperative administration of cisplatin followed by a single
intraperitoneal dwell of 5-fluorouracil (5-FU) and paclitaxel 2 to 10
days after surgery. At the WCI, intraoperative therapy consists of cis-
platin and doxorubicin; intraperitoneal paclitaxel is given early post-
operatively and may be continued for as long as 6 months. Figure 49.2
outlines the intraoperative and postoperative treatments administered
at the WCI and the NCI.

Cytoreduction

It is not surprising that surgery alone has not proven to be sufficient
treatment for peritoneal mesothelioma in light of the extent of disease
generally found at presentation. Even in patients who can be rendered
macroscopically free of disease, there are no studies that suggest that
surgery alone affords a survival benefit (8). Similarly, intraperitoneal
chemotherapy alone without cytoreduction, has had little success (13),
presumably due to limited penetration of drug into tumors. Studies of
intraperitoneal drug delivery have shown that direct tumor absorption
occurs to a level only a few millimeters from the surface. Dikhoff et al
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Table 49.1. Median survival of peritoneal mesothelioma
Authors (reference) Year n Median survival (months)

Chailleux et al (26) 1988 11/167 10*
Antman et al (27) 1988 37/180 15*
Sridhar et al (28) 1992 13/50 9.5*
Markman et al (29) 1992 19 9
Yates et al (30) 1997 14/272 14*
Neumann et al (31) 1999 74 12 (mean)
Eltabbakh et al (32) 1999 15** 12.5
Park et al (6) 1999 18 26
Loggie et al (33) 2001 12 34
Kerrigan et al (10) 2002 25** 30
Sugarbaker et al 2002 68 67
Alexander et al 2002 49 92
* Combined/pleural.
** All females.



(14) showed that the concentration of platinum in tumors after
intraperitoneal administration remains relatively constant and high up
to a distance of 3mm from the surface of the tumor. However, at a dis-
tance of 5mm from the tumor surface, the concentration was only 20%
of that at the tumor surface. Platinum concentrations in tumor follow-
ing intraperitoneal delivery were severalfold higher than with an
equivalent intravenous dose. This suggests that aggressive cytoreduc-
tion with the goal of leaving minimal or no gross disease may facilitate
delivery of chemotherapy to the entire volume of remaining intraperi-
toneal tumor, and that patients with a small volume of residual disease
following cytoreduction may benefit most from CHPP.

Studies in patients with stage III ovarian cancer, support the notion
that microscopic residual disease, as opposed to established tumor,
may be the ideal target for intraperitoneal chemotherapy. Patients who
could be rendered macroscopically disease free had a greater proba-
bility of deriving benefit from intraperitoneal chemotherapy than did
those who could not be rendered disease free (15). It remains to be seen
whether or not the same holds true for mesothelioma patients.

Because the outcome after combined therapy may be associated with
completeness of cytoreduction, scoring systems have been developed
to assist in the interpretation of outcome data. The WCI has proposed
a scoring system, the peritoneal cancer index, to quantify the extent of
disease present at exploration (4). The peritoneal cavity is divided into
nine regions by two equally spaced horizontal and vertical lines. An
additional four regions are defined as the upper and lower jejunum and
the upper and lower ileum. Prior to any cytoreduction, the volume of
disease in each of these 13 regions is scored as 0 (no cancer seen), 1
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Figure 49.2. Combined therapy for peritoneal mesothelioma as practiced at the National Cancer Insti-
tute (NCI) (top) and the Washington Cancer Institute (WCI) (bottom).



(nodules <0.5cm), 2 (nodules 0.5 to 5cm), or 3 (nodules >5cm). The
maximum score is 39. Subsequent to cytoreduction, patients are
assigned a completeness of cytoreduction score (4): 0, no residual
cancer is seen; 1, tumor nodules less than 0.25cm; 2, tumor nodules 0.25
to 2.5cm; and 3, tumor nodules greater than 2.5cm or confluent
nodules. At the NCI, after cytoreduction, patients are scored as having
minimal (fewer than 100 total lesions, all smaller than 5mm), interme-
diate (more than 100 total lesions all smaller than 5mm), or bulky
(residual tumor larger than 5mm) disease.

Intraoperative Chemotherapy at the NCI

Cisplatin was chosen for the initial CHPP studies at the NCI in light of
its cytotoxicity against numerous cell types and extensive history of
intraperitoneal use. Phase I studies demonstrated the maximum toler-
ated dose (MTD) of cisplatin delivered via CHPP to be 250mg/m2 and
the dose-limiting toxicity was nephrotoxicity (12). Figure 49.3 shows
cisplatin concentration in the perfusate and the serum over time during
the course of a typical CHPP. Cisplatin concentrations in the perfusate
were shown to remain on average 12-fold greater than serum cisplatin
concentration throughout the course of the procedure. The estimated
clearance of platinum across the peritoneal cavity during CHPP was
calculated as approximately 18mL/min, which compares favorably to
the plasma clearance of platinum of 329mL/min.

Intraoperative Chemotherapy at the WCI

At the WCI, intraoperative doxorubicin is used in addition to cisplatin.
Doxorubicin, like cisplatin, has a high ratio of peritoneal to systemic
drug exposure following intraperitoneal administration (13). The ratio
of the area under the curve for intraperitoneal administration to the
area under the curve for intravenous administration is approximately
150 :1 in humans (16). In vivo studies indicate that doxorubicin activ-
ity is enhanced by cisplatin (17).
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Figure 49.3. Cisplatin (cis-diaminedichloroplatinum, CDDP) concentrations in
the perfusate and the serum during continuous hyperthermic peritoneal 
perfusion.



Hyperthermic Chemoperfusion at the NCI and WCI

During CHPP, chemotherapy is delivered at elevated temperatures.
Hyperthermia has been shown to enhance chemotherapy penetration
into tumors and to work synergistically with chemotherapeutic agents
to kill cancer cells (18,19). In vitro studies have demonstrated that 
cellular uptake of cisplatin and cisplatin cytotoxicity are enhanced 
by moderate temperature elevation (20). In vivo studies have demon-
strated synergy between hyperthermia and cisplatin (20). Zakris et al
(21) evaluated the effect of intraperitoneal hyperthermia on cisplatin
pharmacokinetics in beagles. Hyperthermia resulted in a longer
intraperitoneal drug half-life and a lower area under the concentration
versus time curve for free cisplatin in the serum in heated versus
unheated dogs. At the WCI, doxorubicin is administered during CHPP
along with cisplatin. Animal studies demonstrate that doxorubicin
activity is also enhanced by hyperthermia (22).

Hyperthermia alone has been shown to have a lethal effect on 
neoplastic cells at levels tolerated by normal tissues (23). This effect
appears to be mediated through at least two mechanisms. Hyperther-
mia has a direct cytotoxic effect on many tumor cells, and tumor vas-
culature seems to be less heat tolerant than normal microcirculation
(24). Blood stasis occurs at significantly lower levels of hyperthermia
in tumor vessels than in normal vessels. Despite this, hyperthermia
alone has shown little efficacy in treating cancer clinically. Hyperther-
mia may have clinical utility in combination with chemotherapy.

Postoperative Chemotherapy

The NCI and the WCI both administer postoperative intraperitoneal
chemotherapy, which results in favorable pharmacokinetics for intra-
peritoneal tumor exposure to chemotherapy compared to the brief
exposure provided at the time of surgery or by systemic delivery.
Agents that require mitosis for efficacy may be more effective with pro-
longed exposure, especially in the case of slowly dividing tumor cells.
Paclitaxel is well suited to postoperative intraperitoneal use. Studies
show that it is sequestered in the peritoneal cavity even after extensive
peritonectomy, resulting in a high peritoneal cavity to serum concen-
tration ratio (3). 5-Fluorouracil also exhibits a high ratio of peritoneal
surface exposure to systemic exposure following intraperitoneal
administration (13).

Advantages and Disadvantages of Combined Therapy

Nonsurgical intraperitoneal therapies may be limited by incomplete
distribution of therapeutic agents to the entire peritoneal surface, 
especially in the presence of adhesions. Table 49.2 summarizes the
advantages and disadvantages of CHPP. In CHPP, chemotherapy is
administered following lysis of adhesions promoting optimal distri-
bution of chemotherapy to the peritoneum. Since chemotherapy is
delivered after cytoreduction, microscopic or small volume disease is
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treated, which may improve tumor absorption of drugs. In addition, a
surgical approach facilitates delivery of intraperitoneal hyperthermia
to a degree that is difficult or too toxic to deliver by other means. The
peritoneal cavity acts as an efficient heat sink, so a rapid flow of per-
fusate through the abdominal cavity, beyond that compatible with non-
surgical approaches, is necessary to achieve sustained intraperitoneal
hyperthermia.

There are disadvantages to the surgical approach. The CHPP proce-
dure is long and involves significant volume shifts. It is well suited only
to patients who can tolerate prolonged general anesthesia and copious
intravenous fluid administration. The direct application of chemother-
apy and heat to the peritoneal contents theoretically puts patients at
risk for regional toxicity, such as ileus, although long-term bowel tox-
icity has not been observed with the agents used at our institutions.
Bowel resection is often performed during cytoreduction and direct
application of chemotherapy to the bowel following resection theoret-
ically risks impaired healing.

Technique of Continuous Hyperthermic 
Peritoneal Perfusion

Continuous hyperthermic peritoneal perfusion (CHPP) begins with
cytoreduction through a series of visceral and parietal peritonectomy
procedures followed by administration of intraoperative hyperthermic
chemotherapy. Surgery is followed by early postoperative chemother-
apy. At the WCI, selected patients also receive long-term intraperi-
toneal paclitaxel, and fit patients who are responding well to therapy
often undergo a second-look surgery.

Cytoreductive Surgery Using Peritonectomy Procedures

There are six different peritonectomy procedures that are used to resect
cancer on visceral surfaces or to strip cancer from parietal peritoneal
surfaces. One or all six of these procedures may be required, depend-
ing on the distribution and volume of peritoneal disease.
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Table 49.2. Advantages and disadvantages of combined therapy
Advantages

Maximal cytoreduction prior to intraperitoneal (IP) chemotherapy may 
enhance efficacy of chemotherapy

Intraoperative hyperthermia may enhance efficacy of IP chemotherapy 
and have an independent tumoricidal effect

Lysis of adhesions facilitates optimal chemotherapy distribution
High regional chemotherapy concentrations are achievable with limited 

systemic toxicity

Disadvantages
Topically applied chemotherapy has limited tumor penetration
Topically applied chemotherapy may produce local toxicity and have 

unpredictable systemic effects



The standard tool used to dissect tumor on peritoneal surfaces from
the normal tissues is a ball-tip electrosurgical handpiece. The ball-
tipped instrument is placed at the interface of tumor and normal
tissues. The focal point for further dissection is placed on strong trac-
tion. The 3-mm ball-tip electrode is used on pure cut at high voltage
for dissecting. Using ball-tip electrosurgery on pure cut creates a large
volume of plume because of the electroevaporation of tissue. To main-
tain visualization of the operative field and to preserve a smoke-free
atmosphere in the operating theater, a smoke filtration unit is used.

To free the midabdomen of a large volume of tumor, a complete
greater omentectomy is performed. The greater omentum is elevated
and then separated from the transverse colon. The mound of tumor
that covers the spleen is identified. The peritoneum on the anterior
surface of the pancreas may need to be elevated from the gland. The
greater curvature of the stomach is reflected anteriorly from pylorus to
gastroesophageal junction. Greater omentectomy is usually combined
with splenectomy to achieve a complete cytoreduction. If the spleen is
free of tumor, it is left in situ.

The left upper quadrant peritonectomy involves stripping of all
tissue from beneath the left hemidiaphragm to expose diaphragmatic
muscle, left adrenal gland, and the cephalad half of the perirenal fat.
To achieve a full exposure of the left upper quadrant, the splenic flexure
of the colon is released from the left paracolic sulcus and moved medi-
ally by dividing tissue along Toldt’s line. Numerous blood vessels
between diaphragm muscle and its peritoneal surface must be electro-
coagulated before their transection or unnecessary bleeding will occur.

The right diaphragmatic peritoneum and epigastric fat pad are
stripped away from the right posterior rectus sheath to begin the 
peritonectomy in the right upper quadrant of the abdomen. Ball-tip
electrosurgery on pure cut is used to dissect at the interface of 
mesothelioma infiltrating the peritoneum and the muscle of the right
hemidiaphragm.

The stripping of tumor from the muscular surface of the diaphragm
continues until the bare area of the liver is encountered. With both blunt
and ball-tip electrosurgical dissection, the tumor is lifted off the dome
of the liver by moving through or beneath Glisson’s capsule. Isolated
patches of tumor on the liver surface are electroevaporated.

Tumor from beneath the right hemidiaphragm, from the right sub-
hepatic space, and from the surface of the liver forms an envelope as
it is removed en bloc. The dissection is simplified greatly if the tumor
specimen can be maintained intact. The dissection continues laterally
on the right to encounter the fat covering the right kidney. Also, the
right adrenal gland is visualized as the tumor is stripped from the 
right subhepatic space. Care is taken not to traumatize the vena cava
or to disrupt caudate lobe veins that pass between the vena cava and
segment 1 of the liver.

If involved with tumor, the gallbladder is removed in a routine
fashion from its fundus toward the cystic artery and cystic duct. The
plate of tissue that covers the structures that constitute the porta
hepatis usually is infiltrated heavily by tumor. Using strong traction,
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the cancerous tissue that covers the structures is stripped from the base
of the gallbladder bed toward the duodenum. To continue resection of
the lesser omentum, one proceeds along the gastrohepatic fissure that
divides liver segments 2, 3, and 4 from segment 1.

As one clears the left part of the caudate liver segment of tumor, the
vena cava is visualized directly beneath. To strip the floor of the
omental bursa, strong traction is maintained on the tumor, and ball-tip
electrosurgery is used to divide the peritoneum joining the caudate
lobe of the liver to the vena cava. Division of the phreno-esophageal
ligament allows the crus of the right hemidiaphragm to be stripped of
peritoneum. Finally, dissection around celiac lymph nodes allows the
specimen to be released.

To begin the pelvic peritonectomy, the peritoneum is stripped from
the posterior surface of the lower abdominal incision, exposing the
rectus muscle. The muscular surface of the bladder is seen as ball-tip
electrosurgery strips tumor-bearing peritoneum and preperitoneal fat
from this structure. The urachus must be divided and is placed on
upward traction as the leading point for dissection of the visceral
surface of the bladder. Round ligaments are divided as they enter the
internal inguinal ring on both the right and left in the female patient.

The peritoneal incision around the pelvis is completed by dividing
the peritoneum along the pelvic brim. Right and left ureters are iden-
tified and preserved. In women, the right and left ovarian veins are
ligated and divided at the level of the lower portion of the kidney. A
linear stapler is used to divide the colon at the junction of sigmoid and
descending colon. This allows one to pack all of the viscera, including
the proximal descending colon, in the upper abdomen.

In women, the bladder is moved gently off the cervix, and the vagina
is entered. The vaginal cuff anterior and posterior to the cervix is
divided using ball-tip electrosurgery, and the perirectal fat inferior to
the posterior vaginal wall is encountered. Electrosurgery is used to
divide the peri-rectal fat beneath the peritoneal reflection. This ensures
that all tumor that occupies the cul-de-sac is removed intact with the
specimen. The midportion of the rectal musculature is skeletonized and
a roticulator stapler is used to staple the rectal stump closed.

Hyperthermic Perfusion at the WCI

After cytoreduction is complete, hyperthermic perfusion is initiated.
There are some minor variations in technique between the WCI and
the NCI at this point. At the WCI, closed suction drains are placed in
the subhepatic space, the left subdiaphragmatic space, and the pelvis.
A Tenckhoff catheter is placed through the abdominal wall and posi-
tioned in the pelvis and a temperature probe is secured to the end of
the Tenckhoff catheter. Bilateral thoracostomy tubes are inserted to
prevent chemotherapy accumulation in the chest. A running suture is
used to secure the skin edges to the self-retaining retractor. A plastic
sheet is incorporated into the sutures to create an open space beneath.
This creates a configuration reminiscent of a coliseum and has been
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termed the coliseum technique. A slit in the plastic allows the surgeon’s
double-gloved hand access to the abdomen and pelvis. Figure 49.4
shows the abdomen just prior to perfusion. A roller pump forces 
the chemotherapy solution into the abdomen through the Tenckhoff
catheter and pulls it out through the drains. A heat exchanger keeps
the fluid being infused at 44° to 46°C so that the intraperitoneal fluid
is maintained at 42° to 43°C. The smoke evacuator is used to pull 
air from beneath the plastic cover, preventing contamination of air in
the operating room by chemotherapy aerosols. During the 90 minutes
of perfusion, the surgeon vigorously manipulates all viscera to keep
adherence of peritoneal surfaces to a minimum, ensuring that all the
anatomic structures are uniformly exposed to heat and to chemother-
apy. After the perfusion is complete, the abdomen is suctioned dry of
fluid and reconstructive surgery is performed.

Hyperthermic Perfusion at the NCI

An inflow catheter is placed over the dome of the liver and an outflow
catheter is placed in the pelvis. Multiple abdominal temperature probes
are placed and the abdominal fascia is closed. The catheters are
attached to a roller pump and heat exchanger, and the abdomen is
shaken from its exterior to facilitate even perfusate distribution. Fol-
lowing perfusion, the abdomen is reopened, suctioned dry of fluid, and
closed. Anastomoses are constructed prior to perfusion. Colonic anas-
tomoses are protected with a temporary ileostomy that is constructed
after perfusion is complete. At the WCI and the NCI, one catheter is
left in the abdomen at the end of the procedure for the administration
of postoperative intraperitoneal chemotherapy.
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Figure 49.4. Sketch of the coliseum technique of hyperthermic peritoneal 
perfusion.



NCI Results

Combined therapy, as practiced at the NCI, was developed in three
sequential phase I trials using CHPP with increasing doses of cisplatin,
tumor necrosis factor (TNF), and early postoperative intraperitoneal
paclitaxel and 5-FU. A phase II trial of CHPP with cisplatin followed
by postoperative 5-FU and paclitaxel intraperitoneal dwell was
recently completed and data analysis is under way. Table 49.3 sum-
marizes the CHPP trials that included patients with mesothelioma 
conducted at the NCI.

Phase I Trials

A phase I dose-escalation trial of CHPP with cisplatin was initiated for
patients with peritoneal malignancies of any histology in 1992. In that
trial, dose-limiting renal toxicity was observed at 350 to 400mg/m2 of
cisplatin. Intravenous sodium thiosulfate was administered prior to
CHPP to bind and inactivate cisplatin that was systemically absorbed
in an attempt to limit nephrotoxicity (25).

Based on experimental data indicating synergy among TNF, cis-
platin, and hyperthermia, and clinical data demonstrating palliation of
malignant ascites following TNF intraperitoneal dwell, a phase I trial
of escalating doses of TNF administered with a fixed 250mg/m2 dose
of cisplatin was undertaken. This trial included 27 patients with peri-
toneal malignancies, four of whom had mesothelioma. The MTD was
0.1mg/L of perfusate of TNF. The dose-limiting toxicity was nephro-
toxicity. Intraperitoneal TNF alone has not been shown to cause renal
toxicity. Tumor necrosis factor may enhance the nephrotoxicity of cis-
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Table 49.3. National Cancer Institute (NCI) continuous hyperthermic peritoneal perfusion
(CHPP) protocol summary
Protocol Description Accrual Dates Results

93-C-0048 Phase I trial of escalating 49 patients 6/93–10/96 MTD = 300mg/m2 of
cisplatin in patients (13 mesothelioma) cisplatin
with peritoneal DLT = renal toxicity
carcinomatosis effective palliation

94-C-0162 Phase I trial of cisplatin 9 patients 6/94–10/94 MTD = 250mg/m2

+ TNF in patients with (5 mesothelioma) cisplatin + 0.1mg TNF
peritoneal DLT = renal toxicity
carcinomatosis TNF probably not helpful

97-C-0072 Phase I trial of IV taxol 61 patients 2/97–1/00 MTD = 1100mg/m2 5-FU
followed by CHPP (15 mesothelioma) 150mg/m2 paclitaxel
with cisplatin followed DLT = 5-FU pancreatitis
by postop 5-FU/ paclitaxel neutropenia
paclitaxel IP dwell IV taxol too toxic

00-C-0069 Phase II trial of CHPP 69 patients 2/00–2/02 Median progression-free 
cisplatin followed by (28 mesothelioma) survival 17 months
post-op 5-FU/paclitaxel Median overall survival 
IP dwell 92 months

DLT, 5-FU, 5-fluorouracil; MTD, maximum tolerated dose; TNF, tumor necrosis factor.



platin through a number of mechanisms. In light of the dose-limiting
nephrotoxicity, it was elected to use cisplatin alone intraoperatively in
subsequent clinical trials. Patients in this trial were evaluated at 3
months, 6 months, and every 6 months thereafter with physical exams
and computed tomography (CT) scans. Since the patients were cytore-
duced to levels that could not be imaged by CT scan, response could
not be radiographically assessed. In the four patients with mesothe-
lioma, intraperitoneal recurrences were observed at 3, 5, 24, and 31
months after treatment.

The third phase I trial at the NCI consisted of preoperative intra-
venous paclitaxel followed by CHPP with cisplatin and early postop-
erative escalating dose 5-FU and paclitaxel administered as a single
intraperitoneal dwell 2 to 10 days after surgery. This protocol was 
modified to eliminate the preoperative intravenous paclitaxel because
of bone marrow suppression. A phase II study of the revised regimen
was recently completed.

Between 1993 and 1998, 18 patients with primary peritoneal
mesothelioma were treated at the NCI on one of the three previously
described phase I protocols. Seventeen of the patients had malignant
mesothelioma and one had a multiply recurrent, symptomatic, benign,
cystic mesothelioma. Table 49.4 shows the characteristics of the
patients. The patients underwent a variety of procedures in an attempt
to cytoreduce their tumors including distal pancreatectomy, splenec-
tomy, and bowel resection.

At a median follow-up of 19 months, median progression-free sur-
vival was 26 months. Figure 49.5 shows the Kaplan-Meier survival
curves constructed for progression-free and overall survival for the
patients. Patients were considered to have stable disease until they had
radiographic evidence of recurrence. Overall 2-year survival was 80%.
The median overall survival had not been reached at the time of the
report.

Ten patients had ascites at presentation. Nine of them had resolution
of ascites postoperatively (Fig. 49.6). Three patients who developed
recurrent ascites at 10, 22, and 24 months after initial treatment received
repeat combined therapy. Though re-treatment with intravenous
chemotherapy is generally not effective, repeat combined therapy was
considered worthwhile because it is unlikely that significant drug resis-
tance would develop after a single intensive exposure with the first
CHPP and postoperative chemotherapy dwell. This may, in fact, be the
case as all three patients had resolution of their ascites following the
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Table 49.4. NCI CHPP protocol summary
Number 18
Median age (range) 47 (15–75)
Male-to-female ratio 13 :5
Ascites preoperation 10
Prior systemic therapy 4
Prior laparotomy 9
Prior laparoscopy 8
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Figure 49.5. Kaplan-Meier survival curves for progression-free and overall
survival for patients with peritoneal mesothelioma treated on phase I trials at
the NCI between 1993 and 1998. (*The progression-free analysis includes three
patients who have been treated twice.)

Figure 49.6. Computed tomography (CT) scans of the abdomen of a patient with peritoneal mesothe-
lioma and ascites before (top) and 18 months after (bottom) continuous hyperthermic peritoneal per-
fusion. Note resolution of ascites.



second treatment, though response to cytoreduction alone cannot be
ruled out. The patients did well with ongoing progression-free survival
noted at 4, 6, and 24 months after their second perfusion.

Though the number of patients treated is small, the results suggest
an association between the extent of residual disease at the end of
cytoreduction and outcome. The three patients with bulky residual
disease did poorly. They died of disease at 4, 12, and 13 months post-
operatively. The four patients with minimal residual disease did well,
with no evidence of disease at 29, 31, 34, and 35 months follow-up.

Phase II Trial

A phase II trial of CHPP with cisplatin followed by postoperative 5-FU
and paclitaxel intraperitoneal dwell was recently completed at the NCI.
Twenty-eight patients who participated in that trial had mesothelioma
resulting in a total of 61 mesothelioma patients treated by CHPP on
phase I and II studies. The outcomes of 49 of patients with mesothe-
lioma who were treated at the MTD (250mg/m2) of cisplatin on all
trials have been analyzed. The other 12 patients were not included in
the analysis because they were treated with doses of cisplatin above or
below the MTD or received TNF, which has been eliminated from the
regimen.

The median overall survival of the 49 patients was 92 months and
the median progression-free survival was 17 months. Figure 49.7 shows
the Kaplan-Meier plot for overall survival. The estimated 3-year overall
survival was 59%.
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Figure 49.7. Kaplan-Meier plot for overall survival for patients with peritoneal
mesothelioma treated on phase I and phase II trials at the NCI.



Cox regression analysis revealed a number of factors associated with
improved outcome in this series. Patients who had superficial tumors
had better progression-free and overall survival than those with deeply
invasive tumors. Patients with little (less than 1cm nodules) or no
residual disease after cytoreduction had better overall and progression-
free survival compared to those with residual tumors greater than 1cm
after cytoreduction. Patients who had undergone a cytoreduction pro-
cedure prior to undergoing CHPP had improved progression-free and
overall survival compared to those who had not undergone prior
surgery for mesothelioma. The reason for this is unknown. It is possi-
ble that the incidence of indolent disease is higher in the group of
patients who had prior surgery and subsequently presented for com-
bined therapy than in the general population of patients with mesothe-
lioma who present to the NCI. Patients with very aggressive tumors
are unlikely to recover from an initial cytoreduction and present for a
second procedure with the performance status necessary for CHPP.
Age less than 60 was a predictor of improved overall survival but did
not affect progression-free survival. Gender was not a predictor of
outcome in contrast to other studies in which females were found to
have better outcomes than males. Histologic subtype of the tumor was
also not significant.

WCI Results

Between 1989 and 2003, 90 cytoreductive procedures were performed
on 68 patients with peritoneal mesothelioma at the WCI; 68 procedures
were a first procedure, 17, a second-look procedure, three, a third-look
procedure, and two, a fourth-look procedure. Data on these 68 patients
are summarized in Tables 49.5 and 49.6. Fifty-eight patients received
perioperative intraperitoneal chemotherapy (CHPP, postoperative
treatment, or both), and ten patients did not. Seventeen patients 
underwent a scheduled second-look cytoreduction 6 to 9 months after
the first operation, combined with perioperative intraperitoneal
chemotherapy in 15. The median survival was 89 months in the 17
patients who had a second-look surgery compared with 55 months in
the other 51 patients. The difference was not significant.

The Kaplan-Meier distribution of 68 patients with peritoneal
mesothelioma treated between 1989 and 2003 is shown in Figure 49.8. 
The overall median survival was 67 months. All patients treated are
included without any patient being excluded. The data include all of
the patients treated with multiple different regimens, as shown in 
Table 49.6.

The patient gender had statistically significant prognostic implica-
tions in this series. The Kaplan-Meier distribution of 21 female patients
treated between 1989 and 2003 is shown in Figure 49.9. At this date the
median survival of female patients has not yet been reached. The
median survival of male patients was 32.8 months. These results are
statistically significant with a p value of .0014.
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Table 49.5. Clinical factors with an impact on prognosis in 68 
Washington Cancer Institute (WCI) patients with peritoneal
mesothelioma

Number of Median survival
Variables patients (months) p valuea

Gender
Male 47 33 .0014
Female 21 NR

Age
>50 years 34 52 .0332
£50 years 34 NR

Pain
Present 30 55 NS
Absent 38 89

Ascites
Present 39 52 NS
Absent 29 NR

Weight loss
Present 14 26 .005
Absent 54 89

Pelvic/Abdominal mass
Present 18 32 NS
Absent 50 89

Incidental findings
Yes 13 NR .039
No 55 52

Prior surgical scoreb

0 25 106 NS
1–3 43 52

Peritoneal cancer indexc

0–28 43 67 .046
29–39 25 26

Pathology
Papillary/epithelial 54 55 .002
Multicystic 5 NR
Sarcomatous/biphasic 9 13

Survival was measured from time of diagnosis.
NR, median survival not yet been reached; NS, not statistically significant.
a Log-rank test.
b Describes the procedure done prior to treatment at the WCI: 0, no surgery or biopsy
only; 1, exploratory laparotomy or cytoreduction of one region only; 2, moderate cytore-
duction (2–5 regions); 3, extensive cytoreduction (>5 regions).
c The peritoneal cancer index is determined by dividing the peritoneal cavity into nine
regions by two equally spaced horizontal and vertical lines. An additional four regions
are defined as the upper and lower jejunum and the upper and lower ileum. The volume
of disease in each of these 13 regions is scored as 0 (no cancer seen), 1 (nodules <0.5cm),
2 (nodules 0.5 to 5cm), or 3 (nodules >5cm). The maximum score is 39.
Modified from Sugarbaker PH, Welch L, Mohamed F, Glehen O. A review of peritoneal
mesothelioma at the Washington Cancer Institute. In: Sugarbaker PH, ed. Management
of Peritoneal Surface Malignancy. Surgical Oncology Clinics of North America (in press).
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Table 49.6. Impact of treatment data on 68 WCI patients with peri-
toneal mesothelioma

Number of Median survival
Variables patients (months) p valuea

Completeness of 
cytoreduction scoreb

0–2 41 67 .003
3 27 26

Perioperative chemotherapy
Yes 58 55 NS
No 10 NR

Metastasis
Yes 7 15 .005
No 61 55

Second-look surgery
Yes 17 89 NS
No 51 55

Status
No evidence of disease 22 NR
Alive with disease 18 NR
Dead of disease 22 13

Survival was measured from time of diagnosis.
NR, median survival not yet been reached; NS, not statistically significant.
a Log-rank test.
b 0, no cancer is seen; 1, tumor nodules less than 0.25cm; 2, tumor nodules 0.25 to 
2.5cm; 3, tumor nodules greater than 2.5cm or confluent nodules.
Modified from Sugarbaker PH, Welch L, Mohamed F, Glehen O. A review of peritoneal
mesothelioma at the Washington Cancer Institute. In: Sugarbaker PH, ed. Management
of Peritoneal Surface Malignancy. Surgical Oncology Clinics of North America (in press).

Figure 49.8. Kaplan-Meier survival curve for 68 patients with peritoneal
mesothelioma treated at the WCI between 1989 and 2003.



The earlier diagnosis in female than in male patients could be one of
the explanations of their different prognosis (Table 49.7). In eight of the
21 (38%) female patients, the disease was diagnosed as an incidental
finding. A diagnostic laparoscopy led to the biopsy that confirmed peri-
toneal mesothelioma. In 13 of 57 (23%) male patients, the disease was
diagnosed as an incidental finding. None of the female patients 
presented with weight loss, while 20% of the males presented with
weight loss. The mean value of the peritoneal cancer index was 21.1 in
female patients, compared to 26.1 in male patients. For males, the mean
interval between diagnosis and treatment was 6.9 months compared to
22.1 months for females.
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Figure 49.9. Kaplan-Meier survival for 21 female patients with peritoneal
mesothelioma treated at the WCI between 1989 and 2003.

Table 49.7. Differences between male and female peritoneal
mesothelioma patients at the WCI
Diagnosis in females is more likely to be made as an incidental finding 

(p = .016)
Females are less likely to have weight loss as a symptom (p = .003)
Females have a longer interval between diagnosis and definitive 

cytoreduction (22 months) than males (7 months), suggesting a
more indolent disease process in females (p = .039)

Females have a smaller volume of disease observed at the time of 
definitive cytoreduction as documented by PCIa (p = .046)

Females have prolonged survival with an identical treatment strategy 
(p = .0014)

a The peritoneal cancer index is determined by dividing the peritoneal cavity into nine
regions by two equally spaced horizontal and vertical lines. An additional four regions
are defined as the upper and lower jejunum and the upper and lower ileum. The volume
of disease in each of these 13 regions is scored as 0 (no cancer seen), 1 (nodules <0.5cm),
2 (nodules 0.5 to 5cm), or 3 (nodules >5cm). The maximum score is 39.



Table 49.5 shows the clinical factors with an impact on prognosis.
Weight loss was an indicator of poor prognosis in males. The median
survival of the patients diagnosed as an incidental finding has not been
reached, whereas the median survival of symptomatic patients was sig-
nificantly shorter at 51 months. The peritoneal cancer index was also a
statistically significant predictor of survival. For patients with a peri-
toneal cancer index of 0 to 28, the median survival duration was 
67.4 months compared to only 26.1 months for patients with a score
between 29 and 39. The mean peritoneal cancer index was 26.5 in male
patients whereas it was 21.1 in female patients (p = .046). The 
completeness of cytoreduction score was also a statistically significant
prognostic indicator (Table 49.6). Our data would suggest that female
patients with an early diagnosis who are treated in an aggressive
fashion have a possibility for cure.

We found no evident difference in pathologic types of peritoneal
mesothelioma between male and female patients. Those patients with
sarcomatoid, deciduoid, or biphasic histology had a 13-month median
survival as compared to a 54-month median survival in the patients
with papillary or epithelial histology. In the patients with multicystic
pathology, the median survival had not yet been reached. In summary,
the gender of the patient, the diagnosis by incidental finding, weight
loss, the extent of disease, and its histologic type are important in esti-
mating survival.

There was no statistical indication in our series that intraperitoneal
chemotherapy resulted in survival benefit. It is possible that selection
factors were important in this evaluation, because patients with a large
volume of mesothelioma after cytoreduction were usually not given
intraperitoneal chemotherapy. However, it may be unwise to conclude
that intraperitoneal chemotherapy may be eliminated from the treat-
ment regimen, especially for its intraoperative or early postoperative
administration.

Morbidity and Mortality of Combined Therapy

Sixteen of 68 patients treated at the WCI suffered grade 3 to 4 compli-
cations, giving an overall morbidity rate of 23.5%. Eight patients
required reoperations, four for persistent bile leak from the liver
surface, one for small bowel fistula, and two for late intraabdominal
bleeding. At the NCI, the morbidity rate, combining all the phase I data,
was 24%. The major toxicity was renal and this was seen in patients
treated above what was determined to be the MTD of cisplatin. Patients
treated below the MTD of cisplatin had minimal toxicity. Other com-
plications included wound infection, fascial dehiscence, pancreatitis,
ileus, atrial fibrillation, line sepsis, and Clostridium difficile colitis. At the
NCI, hospital stay was not significantly prolonged over what would be
expected with aggressive surgical cytoreduction alone, and the mean
time to regular diet was approximately 1 week.

Transient elevations in hepatic enzymes and bilirubin have been
identified after CHPP, though these are consistent with what is seen
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following long operations requiring blood transfusion. A decrease in
platelet count is also common and consistent with dilutional and con-
sumptive coagulopathy. This does not appear to be related to cisplatin
toxicity.

At the WCI, there were five perioperative deaths (7%), three from
sepsis that occurred after surgery and two from pulmonary embolism.
At the NCI, there was no operative or treatment-related mortality in
this series.

Similarities in Data from NCI and WCI

The amount of tumor present prior to and after cytoreduction was a
significant factor in predicting survival at both the NCI and WCI. At
WCI the peritoneal cancer index, which quantifies the amount of
disease present prior to cytoreduction, was found to be a statistically
significant predictor of survival. Patients with a low peritoneal cancer
index (localized disease) had an excellent prognosis, whereas patients
with a high peritoneal cancer index (diffuse disease) had a poor prog-
nosis. At WCI, the completeness of cytoreduction score quantifies the
amount of tumor remaining after cytoreduction. Patients with a low
completeness of cytoreduction score (no or minimal remaining tumor)
had a significantly higher median overall survival than those with a
high completeness of cytoreduction score (greater than 2.5cm or con-
fluent residual tumor nodules).

At the NCI, patients noted to have superficial disease prior to cytore-
duction had a better prognosis than those found to have deeply inva-
sive disease. Similarly, patients with minimal or no residual disease
fared better than those with extensive residual tumor after cytoreduc-
tion. Patients at the NCI with residual nodules less than 1cm were
found to have better overall survival than patients with larger residual
tumors.

In addition to survival, palliation is an important end point in
therapy for mesothelioma. Both the WCI and the NCI have reported
successful palliation of ascites following combined therapy. All but one
of 39 patients with ascites treated at the WCI had no further symptoms
from ascites after treatment. Nine of ten patients with ascites treated
on phase I trials at the NCI had resolution of their ascites postopera-
tively. Three patients treated at the NCI who developed recurrent
ascites following a response to therapy had resolution of their ascites
following a second treatment, suggesting that repeat CHPP and post-
operative intraperitoneal chemotherapy may be a useful palliative tool.

Contrasts in Outcome Between the NCI and WCI

Factors were found to be predictive of outcome at one institution but
not at the other. Gender was found to be associated with prolonged
survival at the WCI but not at the NCI. The WCI data suggest that the
superior survival of females may be due, at least in part, to an associ-
ation between female gender and indolent disease. Though the NCI
data did not demonstrate prolonged survival in females, the NCI found
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that patients who had undergone prior cytoreduction and subse-
quently presented for combined therapy, fared better than patients who
presented for combined therapy as an initial treatment. It is possible
that a history of prior cytoreduction is a marker for indolent disease,
since patients with aggressive disease are less likely to be candidates
for a second surgery. The role of gender in response to treatment is an
important area for research.

The WCI noted that survival correlated with pathologic subtype but
no correlation was found at the NCI. Though a large number of patients
were treated on these studies, the high incidence of the epithelial
subtype makes it difficult to compare survival with other less common
subtypes. These differences may become more apparent as more
patients are treated.

Summary

Combined therapy appears to be an effective method for the treatment
of peritoneal mesothelioma. It can be performed safely and with
acceptable morbidity. The WCI has reported a median overall survival
of 67 months with a projected 3-year survival rate of 64% in 68 patients
treated with various combinations of cytoreduction, CHPP, and
intraperitoneal chemotherapy. The NCI has evaluated 49 patients who
received combined therapy for peritoneal mesothelioma and found a
median overall survival of 92 months with a projected overall 3-year
survival of 59%. In both cases the outcomes are remarkably better than
those in most previous reports of treatments for peritoneal mesothe-
lioma, though these results need to be interpreted with caution, due to
the short follow-up and selected study population.

The essential elements of combined therapy remain to be defined.
The individual components of the therapy, including cytoreduction,
intraoperative chemotherapy and hyperthermia, postoperative
intraperitoneal chemotherapy, and perioperative intravenous chemo-
therapy, have been studied in various combinations and not in isola-
tion. Further study is needed to define the optimal combination 
of therapies and to determine which patients may benefit most from
the combined therapy approach. Ongoing trials are addressing these 
questions.
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50
Pericardial and Tunica 

Vaginalis Mesothelioma
Bruno Pasquotti

The pericardium is a fibroblastic structure lined by mesothelium; the
serous visceral layer (epicardium) is adherent to the heart, while 
the fibrous parietal layer is free. The pericardium extends nearly to the
middle of the ascending aorta, on the pulmonary artery, and to the
bifurcation. The majority of neoplastic lesions are metastatic tumors
arising from breast and lung cancer, melanoma, acute leukemia, and
lymphoma. Metastatic lesions may involve the whole pericardium or
present as isolated nodules. Pleural mesothelioma often extends into
the pericardium, and when this occurs at an early stage, it is difficult
to determine where the tumor originated. A very rare lesion is the mul-
tilocular mesothelial inclusion cyst (MMIC)—so-called benign multi-
cystic mesothelioma (1). It is a neoplasm to be placed between benign
adenomatoid mesothelioma and malignant epithelial mesothelioma;
the differential diagnosis includes lymphangioma and malignant cystic
mesothelioma (2). Another rare neoplasm of the pericardium is the 
solitary fibrous tumor (localized fibrous mesothelioma) classified by
Klemperer and Rabin (3) in 1931.

Pericardial malignant mesothelioma is the most common primary
neoplasms of the pericardium (50% of all primary pericardial tumors).
It is characterized by difficult and late diagnosis, local aggressiveness,
and poor survival. This is quite a rare neoplasm as demonstrated by
the data of one large autopsy study where the incidence of primitive
pericardial mesothelioma neoplasm rarely reaches 0.0022% (4); for
Grebenc et al (5), it represents less than 1% of all mesotheliomatous
tumor, while for Murai (6), its incidence is about 6%. According to
McDonald et al’s (7) estimates based on the Canadian population, the
incidence of the disease would be as low as one case in 30,000,000
people. At present, fewer than 150 cases have been presented in the
medical literature. Many cases are found only at autopsy, and in less
than 30% of these it has been possible to advance a histologic diagno-
sis in a living patient and usually during emergency thoracotomy (8).
The mechanisms of pathogenesis are unknown. Contrary to pleural
and peritoneal mesothelioma, it is suggested that this condition does
not show a clear correlation to exposure to asbestos, despite some of
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the data reported in the literature (9,10); it can also be produced by 
therapeutic radiation exposure (11). A link between simian virus 40
(SV40) and pericardial mesothelioma is not noted. This neoplasm
affects mainly male patients (2 :1 male-to-female ratio) in their fourth
to seventh decade of life (12).

Diffuse pericardial mesothelioma is classified into epithelial, bipha-
sic, and fibrosarcomatous; two thirds are mixed and one third epithe-
lioid. It may be confined to the pericardium either as a localized mass
or as a diffuse one with a massive fibrous reaction encasing the heart,
and it may give rise to constrictive pericarditis (13). In the literature,
there are only four cases of localized pericardial mesothelioma (14). On
the cut surface the tumor may be yellowish-white or gray-white, solid
with focal necrosis; pericardial effusion or hemorrhagic fluid is present
due to the erosion of the cardiac chambers or of the intrapericardial
blood vessels, thus causing acute pericardial distension and sudden,
fatal cardiac tamponade. Local infiltration into the cardiac muscle and
mediastinal tissue is reported occasionally and distant metastases even
more rarely.

Primary pericardial mesothelioma is a diagnostic and therapeutic
dilemma because signs and symptoms are nonspecific, and because of
the small number of cases and the early occurrence of cardiac compli-
cations. The diagnostic profile includes the following investigations:
history, clinical investigations, chest x-ray, transthoracic ultrasound,
computed tomography (CT) scan, magnetic resonance imaging (MRI),
and ultrasonographic supported puncture. The clinical situation is
usually correlated to the cardiac function damage that manifests itself
in the presence of effusive pericarditis, constrictive pericarditis, and
sometimes effusive-constrictive pericarditis with cardiac tamponade
but without coronary/myocardial cause. Physiopathologically, the
diastolic filling of the ventricles is hindered, thus causing reduction of
the flow and systemic hypertension.

Patients present a history of cough, orthopnea, progressive dyspnea,
nonradiating substernal pain, pathologic murmurs, fatigue, and
arrhythmia. Physical examination may reveal shortness of breath and
distended jugular veins; Kussmaul’s sign and accentuated paradoxis
pulse may be present. Sometimes we observe hepatomegaly, increased
abdominal girth, and peripheral edema. In older patients, the upper
torso and the arms can show evidence of muscular deterioration. 
Electrocardiology shows low-voltage complexes (QRS) with nonspe-
cific precordial ST segment changes reflecting the absence of an inflam-
matory element in the disease, atrial fibrillation, and atrial flutter;
sometimes anomalies of the left atrium can be observed and these are
represented by the mitral P. The chest x-ray can show either normal or
increased cardiac shadow; the increase may only be apparent due to
the concurrent pericardial effusion or to an enormously thickened peri-
cardium. The upper right part of the mediastinum may be prominent
due to the distention of the superior vena cava. The presence of 
calcifications characterizes less than 50% of the patients, but is not 
diagnostic for constriction. The majority of patients also presents with
pleural effusion. Two-dimensional echocardiography shows a dilated
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pericardial sac, but it may be difficult to distinguish pericardial effu-
sion from the tumor or pericardial thickening. Pericardial thickening
presents as constant echo-poor districts. The investigation can show a
still strongly echogenous pericardium, an interventricular sect protru-
sion into the left ventricle during inhalation, a severe protodiastolic
filling, and distention of the hepatic veins as well as of the inferior vena
cava.

Postcontrast CT provides information regarding the presence and the
extension of the tumor; CT is complementary to echocardiography in
the diagnosis and management of pericardial effusion and thickening.
In cases of primary tumor, MRI may show a mass of the pericardial
layer, lack of continuity of the normal pericardium, and pericardial
thickening and effusion diagnostic for effusive-constrictive or con-
strictive pericarditis. The CT scan should be used initially. The MRI
could be used to complement CT, or can be employed to distinguish
between constrictive pericarditis and restrictive cardiomyopathy 
as normal pericardial thickness excludes most cases of constrictive 
pericarditis.

The differential diagnosis between pericardial mesothelioma and
other primary (solitary fibrous tumor, synovial sarcoma, epithelioid
angiosarcoma, adenomatoid tumor) or metastatic tumors is very 
difficult; the imaging features cannot be differentiated because any 
neoplastic conditions show diffuse plaques, or multicentric nodules.
Another difficult differential diagnosis is that involving constrictive
pericarditis of either tubercular or inflammatory nature when diffuse
thickening of pericardium and fluid collection are also present (15,16).
Magnetic resonance imaging is emerging as the best modality for
demonstrating the extent and nature of the constrictive process and
hence, its resectability (17). No studies have used fluorodeoxyglucose
positron emission tomography (FDG-PET) imaging.

Early diagnosis is mandatory and the limitation of the diagnostic
tools is very important. Echocardiography and CT are available in
assisting in fluid aspiration or biopsy of the pericardium. The cytologic
analysis of pericardium fluid is often inconclusive (18), due to the 
difficulty of formulating a differential diagnosis in the presence of
metastatic lesions caused by adenocarcinoma (lung, breast, gastroin-
testinal tract), mesothelial cell hyperplasia, or reactive cells (19). Precise
distinction requires histopathologic examination. Comprehensive
analysis including gross appearance, histology, histochemistry,
immunohistochemistry, and electron microscopy is recommended.
Although it is now unlikely, the diagnosis of tubercular pericarditis has
to be excluded in the presence of bloody effusion.

Therapeutic decisions are dependent on the general status of the
patient, on the presence or absence of clinical signs of cardiac danger,
and on the available treatment for each specific case. In extreme cases,
patients have no chance of benefiting from surgical treatment; in this
situation diagnostic procedures should be as brief and noninvasive as
possible, intervening only to alleviate the symptoms and improve the
quality of life. In these patients with a short survival time, in the pres-
ence of pericardial fluid, it is possible to perform or repeat a pericar-

B. Pasquotti 757



diocentesis and instillation of chemotherapeutics (cisplatin) with a low
frequency of complications, while another noninvasive alternative to
surgery is percutaneous balloon pericardiotomy with a success rate of
90% (20); subxiphoid drainage is suitable in performing a pericar-
dioscopy and a pericardial biopsy (21).

When the prognosis for a patient is better, and survival is assessed
as being more than 12 months, there are aggressive treatments avail-
able such as total pericardiectomy or pericardial resection through a
median sternotomy, left lateral thoracotomy, or video-assisted thoracic
surgery (VATS). Surgery is the best choice of treatment if the tumor is
localized to the pericardium but remains palliative. Mesothelioma of
the pericardium is resistant to radiation therapy alone or in combina-
tion with chemotherapy. Except for gemcitabine, with a response 
rate up to 40%, chemotherapy with doxorubicin, cyclophosphamide,
cisplatinum, mitomycin, paclitaxel, or carboplatin as single agent or 
in combination, has no significant activity in this disease and does 
not improve the outcome of these patents (22–25). A multimodality
approach is encouraging. Clinical deterioration with subsequent death
within 4 to 12 months is the natural story of these patients; the prog-
nosis is poor due to its late presentation, difficulty in removing the 
neoplasm surgically, and poor response to radio- and chemotherapy
(5). Usually patients die from cardiac complications.

Tunica vaginalis testis is a peritoneal sac located anterolateral to the
testis. It has two layers: visceral and parietal. The visceral layer lies on
the anterolateral surface of the testis and epididymis; the parietal layer
lines the inner surface of the scrotal sac. Malignant mesothelioma of
the tunica vaginalis is an uncommon paratesticular tumor and since
the first cases described by Bailey et al (26) in 1955 and Barbera and
Rubino (27) in 1957, fewer than 100 cases have been reported in the 
literature (28,29). It represents less than 5% of all mesotheliomas and 
is highly aggressive. The testicular malignant mesothelioma has an age
distribution with peak onset in the sixth decade, although some cases
(10%) have been described in adolescents (30,31). In contrast to pleural
mesothelioma, the association between asbestos and malignant
mesothelioma of the tunica vaginalis has not been well described. Jones
et al (30) reported only 1 of 11 cases (9%) with a history of asbestos
exposure, while Antman et al (31) described the link in 11 of 27 cases,
(41%) with a latent period of up to 40 years. Trauma and previous
herniorrhaphy have also been proposed by Chen et al (32) in 1982 and
Plas et al (29) in 1998 as etiologic factors.

Malignant mesothelioma of the tunica vaginalis consists of multiple,
firm white-yellow nodules or papillary excrescences that stud the
serosal surface of the tunica and that may eventually encase the scrotal
contents; the tunica vaginalis is thickened. Cystic spaces may be seen
in the tumor, which may be intraparenchymal with invasion of the
testis (33). The tumor may extend to the surrounding structures (34).
Inguinal, pelvic, retroperitoneal and supraclavicular lymph nodes may
be involved (26) in approximately 15% to 25% of cases (35). The neo-
plasm spreads less commonly to the lung, liver, and bone. A case has
been reported by Poggi et al (36) with involvement of the pleura and
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peritoneum. McDonald et al (37) and Menut et al (38) reported a 
bilateral malignant mesothelioma in two patients. Histologically the
pattern is usually an epithelial mesothelioma with a papillary, tubu-
lopapillary, or solid pattern; sometimes a biphasic pattern is produced
(39).

The differential diagnosis includes mesothelial hyperplasia either
spontaneous or secondary to inflammatory processes, adenomatoid
tumor, embryonal carcinoma, well-differentiated papillary mesothe-
lioma, and metastatic tumor from prostatic and lung carcinoma. His-
tology, immunohistochemistry with currently available markers, and
electron microscopy examinations may confirm the diagnosis of malig-
nant mesothelioma. The most common symptoms are related to a
swelling of the scrotum, or to a progressive or rapid enlargement of the
scrotum due to hydrocele with or without a paratesticular or testicular
mass lesion; the tumor may invade the testis or the skin, and spread to
the locoregional lymph nodes.

Diagnosis is not easy due to the nonspecific symptoms, and lack of
tumor markers (40). To date, only five patients (3% of published cases)
have obtained a preoperative correct diagnosis by cytology of the
hydrocele fluid (41,42) or suspected nodule (28). An accurate preoper-
ative diagnosis consists of physical examination, sonographic exami-
nation using an ultrasound scanner, ultrasound-guided fine-needle
aspiration (FNA) of fluid or a nodule, cytologic examination, and a CT
scan of the chest, abdomen, and pelvis for staging. At times ultra-
sonography can be difficult due to the small size of the neoplastic
nodules (diameter less than 0.5cm) and to the presence of papillary,
exophitic lesions or rather to the infiltrative aspect of the neoplasm. The
presence of a simple or complex hydrocele can either be associated or
not with multiple endoscrotal nodular lesions of varying diameter,
meaning a lesion often starting from the scrotal wall. The cytologic
investigation of the endoscrotal fluid or nodular lesions is not always
diagnostic; the diagnosis will then most often be obtained intraopera-
tively. The rapid reaccumulation of fluid within a short time should
hint at the neoplastic nature of the lesions. In a small surgical biopsy,
reactive mesothelial hyperplasia may mimic the neoplasm (23).

There are no data in the literature to suggest whether or not to
proceed with a color Doppler investigation. Wolanske and Nino-
Murcia (40) describe a decreased vascularity in the tumor compared
with testicular parenchyma. Because of the rarity of the neoplasm and
its inauspicious diagnosis, a correct therapeutic protocol is still under
discussion. There is no role for local preserving excision (transcrotal
procedures) or resection of the hydrocele wall because the tumor has
the potential for local invasion and recurrence. When there is suspicion
of a mesothelioma of the tunica vaginalis, considering the general con-
dition of the patient, the pathologic stage, and the disease stage, it is
correct to proceed with radical inguinal orchiectomy (31,43) in associ-
ation with an inguinal lymphadenectomy aimed at obtaining the
correct diagnosis and local control of the disease. Huncharek et al (44)
report the case of a patient with a tumor located exclusively in the
tunica vaginalis, surviving over 10 years after radical surgery.
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The role of inguinal or pelvic lymphadenectomy has not yet been
decided because of the low incidence of lymph node metastasis, which
doesn’t reach 10% of cases at diagnosis. Less than 9% of patients
present with a dissemination to the retroperitoneal lymph nodes,
which are the first station for all neoplasms of the testis. Pelvic node
dissection or a retroperitoneal lymph node dissection cannot be
employed as a staging modality but only as treatment (45). According
to Carp et al (43), a retroperitoneal lymph node dissection should be
performed only if the pelvic nodes are positive or if CT scan shows an
enlargement of the paraaortic nodes. When there is scrotal involve-
ment, hemiscrotectomy should be considered. Surgery also is indicated
for recurrent tumor.

Just as in pericardial mesothelioma, the role of adjuvant chemother-
apy (doxorubicin, cisplatin, or cyclophosphamide), radiotherapy, and
immunotherapy in combination or alone still has to be defined. After
radical surgery, radiation therapy to the pelvis and groin may prevent
local recurrence, which manifests itself in not less than 60% of cases in
the first 2 years of treatment and therefore, requires an instrumental
follow-up every 3 months for at least 2 years (clinical examination, CT
scan of abdomen and pelvis every 6 months, and chest radiology)
(29,40), and annual examination thereafter. A revision of the data
reported in the literature identifies two important diagnostic parame-
ters: the age of the patient (age less than 60 shows a better prognosis)
and the degree of metastatis or local extent of tumor. There is no evi-
dence that conservative or radical surgery influences survival. After
radical or palliative treatment prognosis is poor and the median 
survival is less than 20 months.
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51
New Target Therapies for 
Malignant Mesothelioma

Camillo Porta and Luciano Mutti

The Gompertzian-like growth kinetic of the vast majority of human
solid malignancies, together with their genetic instability, which leads
to the development of drug resistance, contributes to the limited ther-
apeutic efficacy of common antineoplastic drugs. Indeed, with tradi-
tional cytotoxic agents, we cannot reach the several logs of cell kill that
are required to completely eradicate an established human tumor; fur-
thermore, these drugs are not specific and kill all replicating cells,
including a large number of nonneoplastic ones, causing often severe
toxicity.

However, newer cancer therapies directed at specific and common
molecular alterations in signaling pathways of cancer cells, sustain-
ing tumor cell growth, invasion, and metastasis, and preventing apo-
ptosis, are now rapidly leaving the laboratory bench and reaching
patients’ bedside; this wave of so-called smart drugs holds promise 
for a radical change in the way we treat a number of solid as well as
hematologic malignancies, and this is especially true for those neo-
plasms that are refractory, or became resistant, to standard treatment
options.

Malignant mesothelioma (MM) is one of these aggressive malig-
nancies, whose incidence is expected to dramatically rise in the next
decade in Europe (1); rarely suitable for radical surgical resection and
usually resistant to both radiotherapy and chemotherapy, MM has a
very poor prognosis, so that a considerable therapeutic skepticism
usually surrounds patients affected with this tumor. Thus, effective 
systemic treatment options for this tumor are desperately needed.

Growth factors and growth factor receptors are ideal targets for novel
therapeutic approaches to human cancer, since they have been shown
to play a significant role in the development and progression of a
number of tumors, including MM (2); furthermore, transformed cells
have a reduced requirement for exogenously supplied growth factors,
being able to produce high levels of peptide growth factors as well as
to simultaneously express their receptors (autocrine loop). The cellular
ligands of the above growth factors mainly belong to the family of 
tyrosine kinases, a family of transmembrane proteins that, upon acti-
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vation, transmit the signal downstream, leading to tumor cell prolifer-
ation, growth, spread, and survival (3).

This chapter reviews both theoretical issues and the preclinical and
clinical data regarding the potential therapeutic role in MM of a num-
ber of new drugs directed against specific tumor targets, including
growth factor receptors, as well as other complex molecular mecha-
nisms supporting tumor angiogenesis and preventing cancer cell 
apoptosis.

Targeting the Epidermal Growth Factor 
Receptor Pathway

The epidermal growth factor receptor (EGFR) is a transmembrane gly-
coprotein belonging to the ErbB family of tyrosine kinase proteins. This
family includes four members: the EGFR (also known as ErbB1/HER1),
ErbB2/neu/HER2, ErbB3/HER3, and ErbB4/HER4. Each of these pro-
teins possesses three different domains: the extracellular domain, which
is involved in recognizing and binding the ligands that are able to acti-
vate the receptor; the membrane spanning sequence, which is involved in
the interaction between receptors; and the intracellular domain, in which
resides the enzymatic activity of the tyrosine kinase that is able to phos-
phorylate tyrosine residues on different intracellular adaptor proteins,
and the receptor itself (4).

Upon binding with ligands such as the epidermal growth factor
(EGF) itself, the transforming growth factor-a (TGF-a), and others,
receptor dimerization, which is essential for the subsequent generation
of intracellular signal, is rapidly induced; receptor pairings can consist
of two molecules of the same type (homodimers) or two molecules of
different types (heterodimers); receptor dimerization is followed by
activation of intrinsic protein tyrosine kinase activity, tyrosine phos-
phorylation, and activation of intracellular signal transduction path-
ways, such as the PI3K/AKT and the ras/raf/MEK/MAPK pathways.
Ultimately, the activation of the EGFR mediates several tumor cell 
functions, including proliferation, survival, induction of angiogenesis,
invasion, and metastasis, as well as resistance to both chemotherapy
and radiotherapy (4).

The EGFR is broadly expressed in a variety of cells of ectodermal 
or mesodermal origin, and its overexpression commonly occurs in a
number of human tumors, especially of epithelial origin. This expres-
sion has been often correlated with a poor prognosis (5).

Several different anti-EGFR therapies have been developed in the past
two decades, including murine or humanized anti-EGFR antibodies 
(6), and, more recently, EGFR-tyrosine kinase inhibitors (EGFR-TKIs)
(7), which mainly act directly, inhibiting tyrosine kinase phosphoryla-
tion by physical interaction with either the adenosine triphosphate
(ATP) or the enzyme-substrate binding sites (8). However, since
response to anti–EGFR-TKIs could be observed also in patients with
very low levels of expression of the target receptor, i.e., EGFR, more
complex mechanisms of action have also been hypothesized (reviewed
in ref. 7).
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Several TKIs have shown antitumor activity in vitro and in vivo in
preclinical models (9,10); among them, two orally active quinazoline
derivatives, ZD1839 (Iressa, Astra Zeneca) and OSI 774 (Tarceva, OSI
Pharmaceuticals/Genentech/Roche) are in an advanced stage of devel-
opment, large phase III studies with these drugs being in progress
worldwide for different indications.

Among a wide range of human tumors, including lung, breast,
stomach, colon, pancreas, prostate, kidney, ovary, head and neck, and
testicular cancer, MM also has been demonstrated to overexpress
EGFR; indeed, in the early 1990s, EGFR expression was reported in 
68% of paraffin-embedded MM specimens (11), as well as in four of
four MM cell lines (12); more recently, Govindan et al (13) showed by
immunohistochemistry that 11 of 13 epithelioid, two of four biphasic,
and one of seven sarcomatoid MMs overexpressed EGFR. The latter
observations, along with a more thorough understanding of EGFR-
TKI’s antitumor activity and the demonstration of their activity in vitro
against MM cell lines (14), led to the launch of clinical trials of both
ZD1839 and OSI 774 in MM patients.

The Cancer and Leukemia Group B (CALGB) has recently completed
a phase II trial of ZD1839 in patients with MM (15), but the final results
have not been published yet. The South West Oncology Group
(SWOG), under the auspices of the National Cancer Institute (NCI), 
has recently activated another phase II study (protocol SWOG-S0218)
using OSI 774. Thus, despite the lack of mature data from ongoing 
clinical trials, the targeted inhibition of the EGFR signaling pathway
represents a promising strategy to treat MM patients.

Targeting the Platelet-Derived Growth Factor 
Receptor Pathway

The various platelet-derived growth factor (PDGF) and PDGF receptor
(PDGFR) isoforms compose a family of ligands and receptors; PDGF is
a 30-kd protein consisting of disulfide-bonded homodimers or het-
erodimers of A and B chains. All three combinations of subunits may
occur: AA, AB, and BB. The recently identified PDGF C isoform seems
to occur only as a homodimer (CC), since it is not yet known whether
it can also form heterodimers with other PDGF chains (16).

The PDGFRs occur as a and b homodimers or a/b heterodimers and,
again, belong to the protein tyrosine kinase family of receptors. The
extracellular portion of these proteins are characterized by the presence
of five immunoglobulin-like domains, created by regularly spaced
disulfide bonds; the intracellular portions of each receptor contains a
conserved tyrosine kinase domain into which an interrupting sequence
of approximately 100 amino acids is inserted. A similar structure is
found also in the PDGFR closely related CSF-1 and c-Kit receptors (17).
The a receptor can bind to all dimeric PDGF isoforms (AA, BB, AB,
CC), whereas the b receptor chain preferentially binds to the B isoform.

After binding of the dimeric ligand to the extracellular portion of the
two PDGFR chains, a receptor homodimer or heterodimer is formed,
allowing autophosphorylation of receptor tyrosine residues, the re-
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cruitment of transduction molecules, their binding to phosphorylated
receptors, and, ultimately, the downstream transmission of the signal
that drives cell growth, cell morphology changes, and prevention of
apoptosis (16).

Whereas normal PDGF function is critical for normal embryonic
development and adult homeostasis, overactivity of the PDGF/PDGFR
axis has been implicated in several disorders characterized by exces-
sive cell growth, including certain malignancies (18). Since glial cells,
fibroblasts, and smooth muscle cells are the normal physiologic targets
of PDGF, tumors derived from these cells have been first analyzed for
autocrine stimulation through the above pathway; however, coexpres-
sion of PDGF and PDGFRs, suggestive of autocrine growth stimula-
tion, has also been described in a number of other types of human
tumors, including meningiomas, melanomas, neuroendocrine tumors,
and ovarian, pancreatic, gastric, lung, and prostate cancer (16,18).
Recent advances support a key role for PDGF/PDGFR’s autocrine loop
also in the growth and spread of MM (19,20). Indeed, overexpression
of PDGF-b receptors has been demonstrated in MM cell lines, while
normal mesothelial cells predominantly express PDGF-a receptors 
(21), as well as in MM xenografts in nude mice and in MM patient 
specimens (15).

Furthermore, one of the most common genetic abnormalities
observed in MM involves chromosome 22q13, which codes for the 
b-chain of PDGF; transduction of a hammerhead ribozyme against
PDGF-b messenger RNA (mRNA) into MM cell lines led to a signifi-
cant reduction of cell growth (22); similarly, blocking PDGF-a resulted
in MM growth inhibition (23).

Among several inhibitors able to block the PDGF/PDGF-R autocrine
loop, SU101, GFB-111, and STI-571 are exciting new drugs that are just
entering clinical development in humans. SU101 (or leflunomide,
Sugen Inc.) has been shown to be able to inhibit different tyrosine
kinase, including PDGF-R, thus negatively affecting tumor growth in
vitro and in vivo (24), leading to several phase I–II studies in solid
tumors. Even though no data on the efficacy of SU101 on MM are avail-
able so far, the capability of this drug to inhibit also cyclooxygenase-2
(COX-2) activity, directly involved in MM proliferation (25), reinforces
the rationale for testing SU101 also in MM in the future.

GFB-111 is another recently discovered drug that selectively binds
PDGF and, to a lesser extent, vascular endothelial growth factor
(VEGF), blocking PDGF-induced receptor autophosphorylation, and
consequently cell growth, in glioblastoma and lung adenocarcinoma
(26). Testing its efficacy against MM could be intriguing because of the
capability of this molecule to target two growth factors, PDGF and
VEGF, heavily involved in MM growth and spread.

Finally, STI-571 Imatinib mesylate, Gleevec (Novartis Pharma), is a
highly selective inhibitor of the bcr/abl mutated tyrosime kinase, as
well as of both c-kit and PDGF-Rs; due to its documented activity
against chronic myeloid leukemia and gastrointestinal stromal tumors,
it is the first PDGF inhibitor that was approved by the Food and Drug
Administration (FDA) for use in humans (27). In vitro experiments
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from our group demonstrated that STI-571 can cause MM apoptosis
and death via inhibition of the AKT/PIK3 pathway, and that it can also
enhance MM chemotherapy sensitivity (manuscript submitted).
Several groups, including ours, have started to use Gleevec in MM
patients, even though it is too early even for preliminary data on drug
efficacy.

Targeting Vascular Endothelial Growth Factor 
Signaling Pathway

The growth of new capillary blood vessels, i.e., angiogenesis, is
required for both local tumor growth as well as the process of invasion
and metastasis; indeed, besides allowing oxygen and other nutrients to
reach the growing tumor, newly formed vessels also represent a way
for tumor cells to reach the circulation and use it for colonizing distant
sites (28).

The angiogenic phenotype of tumors is regulated by local balance in
the activities of antiangiogenetic and proangiogenetic factors; VEGF is
one of the main proangiogenetic factors known, and represents one of
the main targets for antiangiogenetic therapy, a rational and promising
new approach to cancer treatment.

Vascular endothelial growth factor signaling through its receptors
plays a key role in the process of both angiogenesis and lymphangio-
genesis, and in tumor growth in a number of solid tumors, including
MM. Indeed, VEGF (29–33), VEGF-C (30), and their receptors (30,32)
have been found to be overexpressed both in MM cells and in pleural
effusion from MM patients, with respect to nonmalignant mesothelial
specimens and effusions. Furthermore, neutralizing antibodies against
the VEGF receptors Flt-1 or Flk/KDR significantly reduced MM growth
in vitro (32), while, in a nude mice model, pretreatment with an anti-
VEGFR antibody was able to reduce malignant pleural effusion in vivo
(31). Moreover, VEGF levels, as well as microvascular density, which
significantly correlated with both VEGF and VEGF-C, proved to be
negative prognostic factors in MM patients (30,32).

Finally, a tight relationship exists among simian virus 40 (SV40),
VEGF, and MM; indeed, we recently demonstrated that SV40 can cause
VEGF release in SV40-positive MM cells in vitro, thus leading to human
umbilical vein endothelial cell (HUVEC) proliferation, and that the
entire viral genome is required for this effect (34); finally, the SV40-
related Tag protein has been demonstrated to be able to enhance 
nonneoplastic human mesothelial cell proliferation in p53wt MM cells
through the induction of VEGF expression (35).

As far as anticancer treatments targeting angiogenesis are concerned,
at present, three angiogenesis inhibitors, SU5416, bevacizumab, and
thalidomide, are being assessed within clinical trials in patients with
MM.

SU5416 (Sugen Co.) inhibits the tyrosine kinase activity of the VEGF
receptor flk-1, thus stopping the downstream transduction of the signal
(36). In a recent phase II study performed at the University of Chicago,
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SU5416 has been administered at the dose of 145mg/m2 i.v. over 1 hour,
twice weekly, every 4 weeks for a minimum of two courses, obtaining
36% minor objective responses and 28% disease stabilizations, with an
acceptable toxicity profile, in both pretreated and naive unresectable
MM patients (37). These results prompted the researchers to start to
combine this VEGF inhibitor with a cisplatin/gemcitabine combination
chemotherapy in their subsequent trial, which is in progress.

Bevacizumab (Avastin, Genentech) is a recombinant human anti-
VEGF monoclonal antibody that blocks the binding of VEGF to its
receptors. Since the combination of anti-VEGF antibodies and cisplatin
produces a striking inhibitory effect in the animal model (38), investi-
gators in the United States are evaluating bevacizumab with cisplatin/
gemcitabine chemotherapy in a double-blind, placebo-controlled, ran-
domized phase II trial in patients with MM.

Thalidomide (Grünenthal) is a glutamic acid derivative initially
introduced as a sedative hypnotic nearly 40 years ago; it was with-
drawn following numerous reports linking it to a characteristic pattern
of congenital abnormalities in babies born to mothers who used this
drug. It has been gradually reintroduced into clinical practice, albeit
under strict regulation, since it was found to be useful to treat erythema
nodosum leprosum and HIV wasting syndrome. Recognition of its
antiangiogenetic properties led to its evaluation in the treatment of a
number of malignancies, starting with multiple myeloma (39). Even
though the complex anticancer mechanisms of action of thalidomide
are not yet fully understood, a number of biologic actions have been
documented: the suppression of bFGF- and VEGF-driven angio-
genesis, the inhibition of the production of tumor necrosis factor-a
(TNF-a), which has been reported to be angiogenic, and a direct
antiproliferative effect, at least against myeloma cells (40).

At present, two trials of thalidomide in MM are ongoing, one in the
United States and one in the Netherlands, but in both cases results are
not mature enough to draw conclusions on the effectiveness of this
agent in MM.

Targeting the Hepatocyte Growth Factor 
Signaling Pathway

Hepatocyte growth factor/scatter factor (HGF/SF) is a multifunctional
growth factor that can induce diverse biologic events. In vitro, these
include scattering, invasion, proliferation, and morphogenesis. In vivo,
HGF/SF is responsible for many processes during embryonic devel-
opment and a variety of activities in adults, and many of these normal
activities have been implicated in its role in tumorigenesis and metas-
tasis. The c-Met receptor tyrosine kinase is the only known receptor for
HGF/SF and it mediates all HGF/SF-induced biologic activities. Upon
HGF/SF stimulation, the c-Met receptor is tyrosine-phosphorylated,
which is followed by the recruitment of a group of signaling molecules
or adaptor proteins to its cytoplasmic domain and its multiple docking
sites. This action leads to the activation of several different signaling
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cascades that form a complete network of intra- and extracellular
responses (41).

c-Met gene amplification can be found in only a few primary carci-
nomas but in a significant proportion of derived metastasis; plasma
HGF levels increase in patients with a number of malignancies, includ-
ing esophageal, gastric, colorectal, lung, and breast cancer, as well as
hepatocellular carcinoma; moreover, the occurrence of an HGF/Met
autocrine loop has been reported in a number of cancers, e.g., ovarian,
pancreas, colorectal, and thyroid carcinoma. Finally, both HGF plasma
levels and tissue expression have been found to be negative prognos-
tic factors in a variety of human cancers (42).

An HGF/SF/c-Met autocrine loop has been demonstrated both in
MM cell lines and in MM tissue samples (43–46), and their overex-
pression has been associated with an increased microvessel density, as
well as with increased matrix metalloproteinases expression, thus sup-
porting the additional role of this factor in both tumor angiogenesis
and invasion (47,48).

We have also demonstrated that when SV40 infects human mesothe-
lial cells, it induces Met receptor activation via an autocrine loop; 
furthermore, SV40 replicates in and infects the adjacent human
mesothelial cells, inducing an HGF-dependent Met activation and cell-
cycle progression into S-phase, thus explaining how a limited number
of SV40-positive cells may be sufficient to direct noninfected human
mesothelial cells toward malignant transformation (49).

Also, HGF/SF plays a pivotal role in SV40/asbestos-dependent car-
cinogenesis, conferring progressive resistance of human mesothelial
cells to genotoxic agents, i.e., asbestos, and allowing DNA-damaged
cells to survive and undergo transformation via PI3K/AKT signaling
activation; analogously, SV40-positive MM (with PI3K/AKT activa-
tion) demonstrates significant lower chemosensitivity compared to the
SV40-negative ones (manuscript submitted).

Unfortunately, so far, no specific Met activity inhibitor has been 
identified, although the antiangiogenic drug SU5416 (see above), at 
relatively high concentrations, may also inhibit Met tyrosine kinase.
Despite this issue, the HGF/SF/c-Met signaling pathway also may be
inhibited downstream by interfering with the PI3K/AKT pathway (see
below).

Targeting the Downstream Signaling Pathway

In addition to tyrosine kinase receptors, several downstream cytoplas-
mic kinases also are known to play a role in regulating cell cycle, gene
transcription, motility, survival, and metabolism in cancer cells. For
MM, the PI3K/AKT pathway is downstream of many of the above
receptor activation-mediated signaling pathways and thus is another
potential target for cancer treatment.

CCI779, a compound currently under clinical investigation in several
cancers, has the nuclear protein mTOR, directly involved in the trans-
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mission of the AKT-dependent proliferative signal, as its target; thus,
its use in MM seems potentially interesting and worthwhile.

Targeting the Proteasome/Ubiquitin Pathway

The rapid, efficient, and irreversible elimination of damaged or obso-
lete proteins is a key mechanism for controlling the activation or repres-
sion of a number of cellular processes, including cell-cycle progression
and apoptosis. The proteasome/ubiquitin complex represents the pri-
mary component of the protein degradation pathway of the cell, 80%
of all cellular proteins being processed by this enzyme.

The proteasome is a large, multiprotein particle present in both the
cytoplasm and the nucleus of all eukaryotic cells. It is composed of two
functional components: a 20S core catalytic complex and a 19S regula-
tory subunit. The proteins to be degraded are marked with ubiquitin
chains, which bind to a receptor on the 19S complex. Once recognized
by the regulatory complex, the ubiquitin chain is removed and the
protein denatured in preparation for degradation. The protease activ-
ity resides in a channel at the center of the 20S complex, which is
formed from four stacked, multiprotein rings. The outer a subunit
rings form a narrow channel that allows only denatured proteins to
enter the catalytic chamber formed by the central b subunit rings;
inside the catalytic chamber, proteins are surrounded by six protease-
active sites (three on each b subunit ring) that complete the degrada-
tion process (50). Proteolysis by the proteasome/ubiquitin pathway is
a key metabolic process, and complete abrogation of proteasome activ-
ity results in cell death; in particular, cyclins, cyclin-dependent kinase
inhibitors, and tumor suppressor genes, e.g., cyclin B1, p21Waf1/Cip1, p27,
and p53, are all processed through this pathway, and the inhibition of
their degradation sensitizes cells to apoptosis (51).

The nuclear factor (NF)-kB signaling pathway is another critical
target for proteasome inhibitors. Indeed, NF-kB is a cellular survival
factor, whose transcription is prevented in quiescent cells through
binding of a specific inhibitor, IkB, which sequesters the NF-kB
p50/p65 heterodimer in the cytoplasm; this repression is released in
response to cellular stresses that cause targeted, ubiquitin/proteasome-
mediated degradation of IkB (52); free NF-kB then translocates to the
nucleus to activate genes that protect the cell from apoptosis and
promote cell growth and differentiation, as well as the synthesis of
growth factors and angiogenesis factors (53). Dysregulation of the NF-
kB signaling is an important feature of some malignancies (54,56), and
activation of this pathway can stimulate proliferation or reduce the
effectiveness of chemotherapy or ionizing radiations (57,58).

For all the above reasons, and considering the fact that transformed
cells are more sensitive to proteasome inhibition due to the loss of pro-
tective checkpoints mechanisms (59), targeting the proteasome/ubiq-
uitin pathway has emerged as a promising novel therapeutic approach
in oncology. PS-341 (Velcade, Millennium Pharmaceuticals) is a small
molecule that is a potent and selective inhibitor of the proteasome; in
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vitro and mouse xenograft studies have clearly shown that this mole-
cule possesses antitumor activity in a variety of human cancers (60);
preclinical and phase I studies have recently assessed the best treat-
ment schedule, and a number of phase II studies are ongoing.

Even though, at present, no published data in MM, either in vitro or
in vivo, are available, targeting the NF-kB signaling is particularly
attractive in MM; indeed, asbestos fibers, i.e., the main recognized
cause of MM, has been demonstrated to be able to cause the translo-
cation of NF-kB p65 subunit into the nucleus, and to increase NF-kB
DNA binding activity in rat lung epithelial and pleural mesothelial
cells (61); moreover, NF-kB also has been implicated in the pathogen-
esis of benign pleural inflammation and exudation in at least one
mouse model (62). Furthermore, the cyclin-dependent kinase inhibitor
p27 is degraded by the proteasome (63), and the decreased protein
levels observed in some malignancies are achieved by upregulation of
proteasome-mediated p27 degradation; interestingly, when fibroblasts
transformed by the oncogenic virus SV40, another key character in the
process of MM tumorigenesis, are treated with a proteasome inhibitor,
p27 levels increase and apoptosis ensues (64). Finally, recent data from
our laboratories suggest that PS-341 could potentiate the antitumor
activity of other agents against MM, both in vitro and in vivo (65).
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52
Gene Therapy for Malignant 
Pleural Mesothelioma
Steven M. Albelda, Larry R. Kaiser, and Daniel H. Sterman

Given the current limitations in therapy for malignant mesothelioma,
new approaches are needed. Malignant pleural mesothelioma has
several characteristics that make it an attractive target for gene therapy:
(1) there is no curative therapy, although some slowing of tumors has
been reported with pemetrexid/cisplatin; (2) the pleural space is acces-
sible for biopsy, local (as opposed to systemic) vector delivery, and
analysis of treatment effects; and (3) morbidity and mortality are often
related to local extension of disease, rather than distant metastases.
Therefore, unlike other tumors that metastasize earlier in their course,
relatively small increments of improvement in local control in mesothe-
lioma could result in significant survival benefit.

Gene Therapy: Principles and Vectors

Gene therapy is the transfer of genetic material, including comple-
mentary DNA (cDNA), full-length genes, RNA, or oligonucleotides
into cancer or host cells. The mechanism for transfer of this genetic
material is termed the “vector.” Although conceived as a treatment for
inherited recessive disorders in which transfer of a normal copy of a
defective gene could prevent disease onset or reverse phenotypic
expression, it soon became clear that one of the most important targets
for gene therapy would be cancer.

A prerequisite for successful gene therapy is efficient gene transfer.
A variety of viral and nonviral gene transfer vectors are currently 
available, which range from replicating and nonreplicating viruses, 
to bacteria, to liposomes (for reviews see refs. 1 and 2). As summa-
rized in Table 52.1, each of these vectors has certain advantages with
regard to DNA carrying capacity, types of cells targeted, in vivo 
gene transfer efficiency, duration of expression, and induction of
inflammation.

Since most of the gene therapy trials for mesothelioma, in both
animals and humans, have involved the use of replication incompetent
adenovirus, this chapter concentrates on modifications of this vector.
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The interested reader is referred elsewhere for details regarding other
vector systems (3–6).

Recombinant adenovirus vectors have been derived by genomic
deletion of viral gene functions involved in replication (i.e., the E1A/B
regions) and provision of these functions in trans via a packaging cell
line (7). The deleted gene regions can then be replaced with expression
cassettes containing the desired gene allowing high-efficiency trans-
duction in a wide range of target cells (including nondividing cells) and
high expression levels of the delivered transgene (8). This vector system
offers a number of advantages including good in vivo transduction effi-
ciency, permitting direct gene delivery to many tissue sites, including
the pleural space. Although the two primary disadvantages of ade-
noviruses, transient gene expression and prominent locally and sys-
temic inflammatory responses elicited by virions, are an issue for
long-term replacement gene therapy, these inflammatory responses,
which include an early “innate” immune response resulting in cytokine
secretion, may actually be advantageous for cancer gene therapy.

Several different cancer gene therapy approaches are currently being
explored for malignant pleural mesothelioma including the use of
“suicide” genes, delivery of tumor suppressor genes, and transfer of
immunomodulatory genes (Table 52.2). Several of these have been
applied in phase I clinical trials of malignant pleural mesothelioma 
utilizing a variety of vector systems including recombinant adenovirus,
vaccinia virus, and modified ovarian carcinoma cells (9–11). Others
remain in the preclinical stage, but with plans for clinical trials in the
near future (Table 52.2).

“Suicide” Gene Therapy

One prominent approach in cancer gene therapeutics is so-called
suicide gene therapy. This method involves the transduction of tumor
cells with cDNA encoding an enzyme that converts a benign prodrug
to a toxic metabolite (12). Administration of the prodrug thus results
in selective accumulation of toxin in the tumor cells and cell death. The
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Table 52.1. Characteristics of gene therapy vectors
In vivo gene Co-transfer

DNA-carrying delivery Duration of viral gene Inflammatory
Vector capacity (kb) Cell range efficiency expression elements response

Retrovirus <8 Replicating Low Stable Yes Low
cells only

Adenovirus 7–8 Most cells Moderate Transient Yes High

Adeno- <5 Primarily Low Stable Minimal Low
associated muscle, liver,
virus and brain

Lentivirus <8 Many Low Stable Yes Low
nondividing
cells

Liposome >10 Most cells Low Transient No Moderate
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enzymes encoded by the suicide gene are often of nonhuman origin,
e.g., the herpes simplex virus-1 thymidine kinase (HSVtk) gene, which
limits toxicity in normal tissue (13). For instance, HSVtk differs enough
from mammalian thymidine kinases that transfected malignant cells,
but not normal tissue, convert the nucleoside analogue ganciclovir
(GCV) to its toxic metabolite. After enzymatic conversion to GCV-
monophosphate (GCV-MP) by HSVtk, it is rapidly metabolized to 
GCV-triphosphate (GCV-TP) by endogenous mammalian kinases.
Intracellular production of these GCV metabolites causes tumor cell
death, or “suicide” (12,14).

Bystander Effects of HSVtk Suicide Gene Therapy

Although relatively efficient, adenoviral gene transfer is not possible to
every tumor cell. Thus the presence of a “bystander effect,” whereby
untransfected cells are killed by an indirect mechanism, is extremely
important (15). Such a bystander effect has been observed in the
HSVtk/GCV system (15–19). The nature of this bystander effect is
complex and appears to involve passage of toxic GCV metabolites from
transduced to nontransduced cells via gap junctions or apoptotic vesi-
cles (20,21), and induction of antitumor immune responses capable of
killing tumor cells not expressing the HSVtk transgene (15).

HSVtk/GCV Gene Therapy for Malignant Pleural Mesothelioma

A number of studies showed that an adenoviral vector expressing
HSVtk (Ad.HSVtk), combined with ganciclovir therapy, could be used
to kill mesothelioma cells in vitro and in animal models (22–27). Based
on these efficacy data and on preclinical toxicity studies showing
minimal toxicity (28), a phase I clinical trial for patients with pleural
mesothelioma began in November 1995 at the University of Pennsyl-
vania Medical Center. The goals of this trial were to determine the 
toxicity, gene transfer efficacy, and immune responses generated in
response to the intrapleural instillation of Ad.HSVtk. Mesothelioma
patients who met inclusion criteria (including patent pleural cavities)
underwent intrapleural administration of a single dose of Ad.HSVtk
vector followed by 2 weeks of intravenous GCV (9,29,30). The ade-
noviral vector used was a so-called first-generation replication-
incompetent virus, deleted in the early gene regions E1 and E3 with
the HSVtk gene inserted in the E1 region.

Twenty-six patients (21 male, five female), ranging in age from 37 to
81, were enrolled in the study between November 1995 and November
1997 (Table 52.3) (29). Intratumoral HSVtk gene transfer was docu-
mented by immunohistochemistry (IHC) utilizing a murine mono-
clonal antibody directed against HSVtk in all patients treated at dose
levels of 3.2 ¥ 1011 plaque-forming units (pfu) or greater (29).
Ad.HSVtk/GCV gene therapy was well tolerated, and a maximum 
tolerated dose (MTD) was not achieved. Strong antiadenoviral humoral
and cellular immune responses were noted, including the generation
of high serum and pleural fluid titers of antiadenoviral neutralizing
antibodies, the generation of serum antibodies against adenoviral
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structural proteins, and increased peripheral blood mononuclear cell
proliferative responses to adenoviral proteins (30).

In a small pilot study, five patients (patients 19 to 23) received intra-
venous corticosteroids around the time of vector instillation. This trial
was designed to preliminarily assess the effects of immunosuppres-
sion on the degree of intratumoral gene transfer and antiadenoviral
immune responses. Decreased fever and hypoxemia were noted in the
corticosteroid-treated cohort, but there was also an increased incidence
of reversible mental status changes (31). No diminution in antiade-
noviral immune responses was demonstrated in the group receiving 
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Table 52.3. Results of University of Pennsylvania phase I clinical
trials of Ad.tk/GCV gene therapy for mesothelioma
Patient Stage/ Vector Post-Rx Gene Tumor
age/sex cell type dose (pfu) survivala transfer response

1 62/M IA/Eb 1 ¥ 109 72 months — SD ¥ 2yrs
2 56/M III/E 1 ¥ 109 8 months — —
3 69/M III/B 1 ¥ 109 20 months + —
4 66/M II/E 3.2 ¥ 109 11 months — —
5 71/M IA/E 3.2 ¥ 109 58 months — SD ¥ 3yrs
6 71/M II/B 1 ¥ 1010 4 months + —
7 70/M II/E 1 ¥ 1010 6 months — —
8 60/M II/E 1 ¥ 1010 27 months + —
9 74/M II/B 3.2 ¥ 1010 2 months NP —

10 60/M III/E 3.2 ¥ 1010 9 months — —
11 37/F IV/E 1 ¥ 1011 16 months — —
12 37/M III 1 ¥ 1011 2 months — —
13 65/F III/E 1 ¥ 1011 10 months + —
14 66/F IA/E 3.2 ¥ 1011 50 months + SD ¥ 2yrs
15 60/M IV/B 3.2 ¥ 1011 5 months + —
16 69/M IB/E 3.2 ¥ 1011 8 months + —
17 70/F IB/E 3.2 ¥ 1011 15 months + —
18 69/F IB/E 3.2 ¥ 1011 14 months + —
19 75/Mc II/E 3.2 ¥ 1011 8 months + —
20 68/Mc IV/B 3.2 ¥ 1011 1 month + —
21 71/Mc IB/E 3.2 ¥ 1011 41 months + —
22 76/Mc IB/E 3.2 ¥ 1011 33 months + —
23 81/Mc II/E 3.2 ¥ 1011 25 months + —
24 71/M II/E 1 ¥ 1012 21 months + —
25 65/M II/E 1 ¥ 1012 5 months + —
26 67/M IA/E 1 ¥ 1012 22 months + PR (CT)
27 67/Md III/B 1 ¥ 1011 7 months + —
28 53/Md III/E 1 ¥ 1011 13 months + —
29 30/Fd I/E 5 ¥ 1011 37 months + SD
30 56/Fd IA/E 5 ¥ 1011 37 months + SD
31 66/Md II/E 5 ¥ 1011 9 months + —
32 74/Mb,d I/E 5 ¥ 1011 19 months + PR (PET)
33 64/Mb,d I/E 5 ¥ 1011 10 months + —
34 69/Mb,d II/E 5 ¥ 1011 26 months NP —
E, epithelioid; B, biphasic; NP, test not performed; SD, stable disease (CT +/- PET); PR,
partial response.
a All patients deceased except patients 1, 29, 30, and 34.
b Received 15mg/kg/day of GCV ¥ 14 days.
c Received adjuvant corticosteroids.
d Received third-generation E1-/E4-deleted adenoviral vector.



corticosteroids, nor were there any appreciable differences in the
degree of intratumoral gene transfer.

Of the 26 patients enrolled in the initial phase I trial, 25 have since
died, with a median posttreatment survival of approximately 11
months (Table 52.3). Several patients with stage IA/IB epithelioid
mesothelioma had posttreatment survivals of greater than 3 years, with
one patient surviving over 4 years. Of the trial participants who are
deceased, all had progressive mesothelioma as their primary cause of
death, typically with invasion of the mediastinum and the contralat-
eral hemithorax, and transdiaphragmatic extension, as well as with
widespread metastatic disease, a fairly common finding in advanced
mesothelioma.

Additional Phase I Trials of Ad.HSVtk Gene Therapy 
for Mesothelioma

Based on these results, two additional phase I trials were initiated. In
the first trial, a second-generation Ad.HSVtk vector containing dele-
tions in the E1 and E4 regions with preservation of the E3 region was
used. Based on animal studies, this vector was chosen for diminished
cytopathic effects and reduced cellular immune responses (32) and,
since two replication-necessary genes are deleted, simple recombina-
tion could not produce replication competent virus in the vector pro-
duction process.

Five patients were treated under this protocol, starting at a dose one
log lower than the highest dose used with the E1/E3-deleted Ad vector
(1.5 ¥ 1013 viral particles). Dose-related gene transfer was detected in
all patients at both dose levels via immunohistochemistry using an
anti-HSVtk monoclonal antibody. Of the five patients treated in this
second phase I trial, there are two surviving (patients 29 and 30), both
of them treated at the higher dose level of 5.0 ¥ 1013 particles of
Ad.HSVtk (Table 52.3). Each of the patients had stage I epithelioid
mesothelioma at diagnosis. Both have had clinically and radio-
graphically stable disease without other antitumor therapy for 54
months after treatment. Patient 29, a 34-year-old woman, has demon-
strated diminished tumor metabolic activity on serial follow-up 18-
fluorodeoxyglucose positron emission tomography (18-FDG-PET)
scans (Fig. 52.1). This delayed decrease in tumor metabolic activity
several months after completion of the gene therapy protocol suggests
the induction of a secondary immune bystander effect induced by
Ad.HSVtk/GCV (33).

The third trial involved gradual dose escalation of ganciclovir in
combination with intrapleural delivery of the E1/E4-deleted Ad vector.
One cohort of three patients was treated with 3.0 ¥ 1013 particles
of Ad.HSVtk (E1/E4-deleted) and 7.5mg/kg ganciclovir IV b.i.d. 
(15mg/kg/day). All three patients tolerated the treatment well. One of
three patients is still alive, albeit with evidence of significant tumor 
progression, now 26 months after treatment (Table 52.3). No durable
clinical responses were noted in any of the three patients treated in 
this protocol.
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Lessons Learned

Based on our clinical trial experience, the Ad.HSVtk/GCV suicide 
gene therapy approach showed some potential for the treatment of
malignant mesothelioma, as well as other localized malignancies.
Unfortunately, these phase I trials were halted because of the death of
a participant in a gene therapy trial for ornithine transcarbamylase
(OTC) deficiency at the University of Pennsylvania Medical Center 
utilizing a similar adenoviral vector backbone (34). Nonetheless, one 
of the most valuable aspects of our trial has been the identification of
specific challenges that need to be addressed, such as gene transfer 
efficiency.

Using the current strategy, therapeutic efficacy could only be
expected in patients with relatively small tumor burdens (small
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Figure 52.1. One of the eight patients enrolled in E1/E4-deleted vector protocols, patient 29 had objec-
tive evidence of tumor response on pre– and post–gene therapy 18-fluorodeoxyglucose positron emis-
sion tomography (FDG-PET) imaging, with near-complete absence of FDG uptake on an 18-FDG-PET
scan performed 18 months after completion of the protocol (see text). This objective metabolic response
correlated with her excellent clinical status and stability on serial chest computed tomography (CT)
scans. The patient has had no other antineoplastic therapy other than our gene therapy protocol.



nodules or diffuse, “thin” tumors). An alternative treatment schema
maximizing the vector-to-tumor cell ratio would involve surgical
“debulking” to minimize tumor mass, followed by adjuvant adminis-
tration of Ad.HSVtk/GCV. Another method of improving intratumoral
gene transfer would be repeated administration of vector and GCV
(i.e., three doses over a 3-week period). Completed studies in immuno-
competent mice with established peritoneal tumors by our group (35)
and others (36) showed marked increases in efficacy after multiple
intraperitoneal injections of Ad.HSVtk, each followed by a course of
GCV. Importantly, data from our initial clinical trials suggest that gene
transfer is possible even in patients with titers of anti-Ad neutralizing
antibodies of up to 1:500, as would be expected with repeated 
administration of Ad vector.

Another approach to the gene transfer problem is to maximize the
efficacy of the expressed HSVtk enzyme. “Molecular remodeling” of
the HSVtk enzyme has allowed increasing specificity for GCV and a
cyclovir (ACV) and concomitantly decreased thymidine utilization
(37). These HSVtk mutants show increased ACV- and GCV-mediated
cytotoxicity, and enhanced bystander effects in mixing experiments
(38,39). We have produced adenoviral vectors containing the mutated
HSVtks and demonstrated enhanced cell killing and augmented
bystander effect in in vitro and in vivo tumor models (40).

Suicide Gene Vaccines

A growing body of evidence supports the hypothesis that in most
models tested, treatment with HSVtk/GCV results in an immunologic
bystander effect that enhances antitumor cytotoxicity both at the site
of vector delivery as well as at distant, nontransduced tumor sites
(15,19,41–43). We believe that we have seen evidence of this immune
bystander effect in our mesothelioma phase I clinical trials with the pro-
gressive decline in tumor metabolic activity seen on PET scan in patient
29 over 36 months posttreatment (Fig. 52.1). This putative antitumor
immune reaction may result from nonapoptotic HSVtk/GCV-mediated
tumor necrosis, a type of cell death that releases so-called danger sig-
nals that then activate significant cellular immune responses (43,44).
Generation of these danger signals may be enhanced by transduction
of tumor cells with the HSVtk gene plus a cytokine gene, such as the
gene for interleukin-2 (IL-2). Augmented tumor cytotoxicty has been
reported with HSVtk plus IL-2 in a number of tumor models (45).

This method of causing mesothelioma tumor destruction via the
immunologic bystander effects of HSVtk/GCV gene therapy, a pre-
sumptive suicide gene vaccine, was studied in a phase I clinical trial
conducted by Schwarzenberger and colleagues (10,46) at the Louisiana
State University (LSU) Medical Center in New Orleans (Table 52.2). 
The protocol designed by the LSU investigators consisted of the
intrapleural instillation via an indwelling pleural catheter of an irradi-
ated ovarian carcinoma cell line retrovirally transfected with HSVtk
(PA1-STK cells), followed by systemic administration of GCV (10).
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Schwarzenberger and colleagues hypothesized that the the PA1-STK
cells would migrate to areas of intrapleural tumor after instillation,
undergo necrotic cell death after exposure to GCV, and generate
immune responses that would facilitate killing of adjacent mesothe-
lioma cells. Antimesothelioma immune responses in this system are
related to the local generation of proinflammatory cytokines, which, 
in turn, summon an influx of cytotoxic lymphocytes to the area pro-
ducing hemorrhagic tumor necrosis (10,46). In the patients treated to
date, minimal side effects have been seen, while preliminary findings
showed significant posttreatment increases in the percentage of CD8 T
lymphocytes in pleural fluid (46).

Cytokine Gene Therapy for Mesothelioma

There has been significant interest in the delivery of genes encoding for
proinflammatory cytokines to the pleural space of patients with malig-
nant mesothelioma. One of the rationales for cytokine gene therapy is
that exogenous cytokines are known to have direct antiproliferative
effects on mesothelioma cells, as well as the ability to activate intra-
pleural and intratumoral immune effector cells in vivo. Expression of
cytokine genes by tumor cells generates a high level of intratumoral
cytokines in paracrine fashion, inducing powerful local cytokine effects
without significant systemic toxicity. Prolonged local cytokine expres-
sion can induce activation of tumor-associated dendritic cells (DCs) to
express major histocompatibility complex (MHC) tumor antigen com-
plexes in conjunction with co-stimulatory molecules. These activated
DCs can then migrate to regional lymph nodes where they stimulate
proliferation of tumor-specific CD8 and CD4 lymphocytes, inducing
antitumor cytotoxicty at distant sites of tumor. In addition, some 
proinflammatory cytokines, such as IL-2, have the capability of direct
intratumoral activation of CD8+ tumor infiltrating lymphocytes, 
overcoming tolerance signals to produce tumor-specific cytotoxic T
lymphocytes (CTLs). Increased intratumoral IL-2 may also activate
natural killer (NK) cells and lymphokine-activated killer cells (LAKs).
Animal experiments have shown that injection of IL-2–transduced
tumor cells increases specific antitumor activity, generates systemic
responses to the parental tumor, augments the immune response
against autologous tumor, and causes rejection of rechallenged tumor
cells (47,48).

Several published phase I and phase II clinical trials have docu-
mented mesothelioma tumor responses to intrapleural infusion of IL-
2, type I interferons [interferon-a and interferon-b (IFN-b)], and type II
interferons [interferon-g (IFN-g)] (49–55). In particular, Boutin and col-
leagues (52,53) at the Hôpital de la Conçeption in Marseilles, France,
demonstrated significant response rates in pleural mesothelioma after
intrapleural instillation of IFN-g, including several complete pathologic
responses in patients with stage IA disease (tumor limited to the 
parietal and diaphragmatic pleual surfaces) (52,53).
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The first human clinical trial of direct intratumoral delivery of
cytokine genes in malignant pleural mesothelioma using this method
of in vivo genetic immunotherapy was conducted by investigators at
Queen Elizabeth II Hospital in Perth, Australia, using a recombinant
vaccinia virus (VV) expressing the human IL-2 gene (Table 52.2). A vac-
cinia vector was chosen because of its large genome, proven safety in
human vaccines, and availability of anti-VV antibodies for evaluation
of vector-induced immune responses. In addition, insertion of the IL-
2 gene into the thymidine kinase region of the VV rendered it partially
replication-restricted, allowing for relatively more expression in tumor
cells. The VV–IL-2 vector at a dose of 1 ¥ 107 pfu was serially injected
into palpable chest wall lesions of six patients with advanced malig-
nant mesothelioma. Toxicities were minimal, and there was no clinical
or serologic evidence of spread of vaccinia virus to patient contacts. No
significant tumor regression was seen in any of the patients, and only
modest intratumoral T-cell infiltration was detected. VV–IL-2 messen-
ger RNA (mRNA) was detected by reverse-transcriptase polymerase
chain reaction (PCR) in serial tumor biopsies for up to 6 days after injec-
tion, but declined to low levels by day 8. The prolonged nature of 
IL-2 gene expression in this trial was remarkable, considering the fact
that significant serum titers of anti-VV neutralizing antibodies were
generated in all patients (56).

The Future of Genetic Immunotherapy 
for Mesothelioma

Several other candidate cytokine genes are being evaluated for thera-
peutic effectiveness in animal models of mesothelioma. Caminschi and
colleagues at (57) Queen Elizabeth II Medical Center in Perth, have 
investigated genetic alteration of murine mesothelioma cell lines with
the gene for interleukin-12 (IL-12), one of the most active immunomodu-
latory cytokines. This same group previously demonstrated that sys-
temic administration of exogenous IL-12 induced strong antitumor
immune responses in mice bearing syngeneic mesothelioma tumors.
The Perth group showed that injection of murine mesothelioma cells
transfected with the IL-12 gene (AB1–IL-12) did not produce tumors in
immune-competent mice, but did so in athymic nude mice, implicating
a T-cell–dependent mechanism of IL-12 activity. Immune-competent
mice challenged with AB1–IL-12 were protected from subsequent 
challenge with parental tumor not expressing IL-12, demonstrating
induction of long-term immunity. In addition, AB1–IL-12 injection
reduced the incidence of tumor development from parental cell chal-
lenge at a distant site (58).

Innate and adaptive antitumor immune responses can also be
elicited by delivery of nonspecific immunostimulatory genes. As an
example of this paradigm, Lukacs and colleagues (59) transferred
mycobacterial heat shock protein gene (HSP-65) via a cationic liposome
into the abdominal cavities of mice bearing intraperitoneal sarcomas
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resulting in a significant antitumor response. Interestingly, Lanuti and
colleagues (60) in our laboratory, found that the antitumor effects of
heat shock protein gene transfer via cationic liposomes could be repro-
duced in a syngeneic murine model of mesothelioma, but appeared to
be related to nonspecific effects of lipid-plasmid DNA (pDNA) com-
plexes. Rudginsky and colleagues (61) at Genzyme Corp. (Framing-
ham, MA) further explored the potential of prokaryotic DNA induction
in mesothelioma cells. They conducted a series of experiments con-
firming antitumor responses and increased survival with liposomal
delivery of fragments of bacterial plasmid DNA, genomic Escherichia
coli DNA, and synthetic CpG oligonucleotides. No increased survival
or tumor reductions were seen with liposomal delivery of eukaryotic
DNA or with methylated bacterial DNA. Therefore, the unmethylated
CpG motifs of prokaryotic DNA play a crucial role in the development
of innate and adaptive antitumor immune responses. Based on these
studies, therefore, a case could then be made for a straightforward 
clinical trial of intrapleural delivery of nonspecific lipid-pDNA in
patients with mesothelioma (Table 52.2).

As previously mentioned, the type I (a, b) and type II (g) interferons
have been shown to have clinical antitumor activity when administered
exogenously to patients with pleural mesothelioma. Interferon-b, for
example, has potent antiproliferative in vitro effects on mesothelioma
cells, and strong immunostimulatory actions in animal models, but is
limited in clinical use by toxicity of systemic administration (62).
Odaka and colleagues (63,64) at the University of Pennsylvania
Medical Center, therefore investigated the effects of IFN-b gene therapy
in murine models of mesothelioma. The Penn investigators showed
that a single intraperitoneal (i.p.) injection of a recombinant aden-
ovirus, engineered to express the murine IFN-b gene (Ad.muIFN-b),
can eradicate small syngeneic murine mesothelioma tumors in >90% of
animals tested. Intraperitoneal Ad.muIFN-b gene therapy resulted in
significant reduction of subcutaneous tumors at a distant site, as well.
These effects of Ad.muIFN-b were clearly shown in several experi-
ments to be mediated by CD8+ T lymphocytes. Additional studies have
shown that the combination of intratumoral treatment with Ad.IFN-b,
followed (in 3 days) by surgical debulking, led to a high cure rate in
very large tumors. Based on these promising preclinical studies and a
toxicology trial performed in mice showing a good safety profile, we
have initiated a phase I clinical trial of intrapleural delivery of
Ad.muIFN-b for the treatment of mesothelioma (Table 52.1). If the
phase I trial shows safety, a phase II “neoadjuvant” immunother-
apy/surgical approach will be proposed.

Induction of Apoptosis

One of the primary approaches to cancer gene therapy research over
the past decade has been mutation compensation—the replacement of
absent or mutated tumor suppressor genes responsible, at least in part,
for the malignant phenotype of the cancer cell. Intratumoral delivery
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of the wild-type p53 gene, for example, has been the most frequent
method of experimental gene therapy of solid tumors, as mutations in
the p53 tumor suppressor gene account for the majority of genetic
abnormalities in solid tumors. Most mesotheliomas, however, contain
wild-type p53 and a normal copy of the cell cycle regulator pRb. The
most common molecular abnormality found in pleural mesotheliomas
is absent expression of the cyclin-dependent kinase (CDK) inhibitor,
p16INK4a. This mutation can lead to unmitigated progression through
the cell cycle despite the presence of normal pRb expression and wild-
type p53, and therefore, the development of a neoplastic phenotype (65).

Kratzke and colleagues at the University of Minnesota School of
Medicine have demonstrated that reexpression of p16INK4a in mesothe-
lioma cells in vitro and in vivo results in cell cycle arrest, cell growth
inhibition, apoptosis, and tumor reduction (65). In addition, the Min-
nesota investigators have recently shown that repeated administration
of an adenoviral vector expressing wild-type p16INK4a into established
human mesothelioma xenografts in athymic nude mice resulted in pro-
longation of survival compared with controls receiving saline or an Ad
vector expressing the marker gene lacZ (66). Successful application of
this technology to human clinical trials is dependent on the develop-
ment of more efficient means of tumor cell transduction.

Investigators at the Thoracic Oncology Laboratory, University of 
California at San Francisco (UCSF) Cancer Center, are targeting another
common mutation in mesotheliomas for mutation compensation gene
therapeutic approaches. Jablons and colleagues at UCSF have demon-
strated that homozygous deletion of the INK4a/ARF locus is common
in human mesotheliomas (67). The p14(ARF) protein encoded by the
INK4a/ARF locus promotes degradation of the p53 binding protein
called MDM2, which functions to bind p53 and inactivate it. Thus, pro-
duction of the ARF protein prevents MDM2-mediated neutralization
of p53 and favors p53-mediated cell cyle arrest. Deletion of the
INK4a/ARF locus abrogates p14(ARF) protein expression, which leads
to higher levels of MDM2. MDM2 binds p53 and inactivates it, leading
to unchecked progression through the cell cycle. The UCSF group
transfected human mesothelioma cell lines with an adenoviral vector
encoding for human p14(ARF) cDNA (Ad.p14). Overexpression of
p14(ARF) within the mesothelioma cells led to increased amounts of
p53 and p21, and dephosphorylation of pRb. In addition, Ad.p14 
inhibited mesothelioma cell growth via induction G(1)-phase cell cycle
arrest and apoptotic cell death (67).

Despite the fact that most mesotheliomas have wild-type p53 (wt-
p53), the function of p53 in mesothelioma cells may be abnormal 
secondary to binding of p53 by inhibitor proteins such as MDM2 and
simian virus 40 (SV40) large-T antigen. Therefore, there may be a ratio-
nale for gene therapy of mesothelioma via overexpression of wt-p53
within the cell. Giuliano and colleagues (68) in Chieti, Italy, performed
a series of experiments in which they transfected human mesothelioma
cells with a replication-deficient adenoviral vector carrying the wt-p53
gene. They demonstrated greater than 80% inhibition of tumor cell
growth in vitro at a multiplicity of infection (MOI) of 25 with docu-
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mentation of induction of apoptosis in the dying tumor cells. In addi-
tion, Giuliano and colleagues showed that ex vivo transfer of the wt-
p53 gene to mesothelioma cells inhibited growth of tumor implants in
nude mice. In immunodeficient mice with established human mesothe-
lioma xenografts, intratumoral injection of the wt-p53 gene inhibited
tumor growth and prolonged survival. It is not inconceivable, there-
fore, to consider human clinical trials of Ad wt-p53 gene therapy in
mesothelioma akin to those conducted in lung cancer, head and neck
cancer, and metastatic colon cancer (Table 52.2).

An alternate method of inhibiting mesothelioma cells is the intro-
duction of “downstream” promoters of apoptosis such as the proapo-
ptotic Bcl-2 family member Bak. Pataer and colleagues (69) at M.D.
Anderson Cancer Center in Houston co-delivered binary adenoviral-
Bak/GV-16 vectors into wt-p53 positive and mutated p53 mesothelioma
cell lines in vitro, along with binary Ad.lacZ/GV-16 control vectors. The
M.D. Anderson group demonstrated marked induction of apoptosis
and decreased cellular viability in both p53 “sensitive” and “resistant”
cell lines with Bak gene transfer, but not with lacZ delivery. Thus, gene
transfer in vivo with proapoptotic Bcl-2 family members would be a
reasonable strategy for future mesothelioma gene therapy clinical
trials. Alternatively, inhibition of endogenous inhibitors of apoptosis is
a possible approach. Xia et al (70) have recently shown widespread
expression of the inhibitor of apoptosis, survivin, in mesothelioma.
Interestingly, antisense oligonucleotides to survivin, induced apopto-
sis in mesothelioma cell lines overexpressing survivin.

SV40: Is There a Role in Therapy for Mesothelioma?

One of the most remarkable developments in mesothelioma research
over the past several years has been the discovery of simian virus 40
(SV40) sequences in mesothelioma tumor specimens from the United
States and several European countries. SV40, a nonhuman poly-
omavirus that was a contaminant of some polio vaccines in the 1950s
and 1960s, carries the ability to transform normal cells via the onco-
genic properties of its large-T antigen (Tag), and can induce the for-
mation of mesotheliomas in hamsters after injection into the pleural
space or peritoneal cavity (71). Laboratory analysis of a subset of
human mesotheliomas has demonstrated coimmunoprecipitation of
SV40 Tag with tumor suppressor gene products, such as the p53 and
pRB proteins (72). The presence of SV40 Tag within tumor cells binding
and inactivating wild-type p53 and pRB may explain the unusually
high rate of wild-type p53 and pRb within mesotheliomas, unlike most
other solid tumors.

The potential role for SV40 as a causative factor in mesothelioma
oncogenesis and proliferation has inspired several new experimental
gene therapy approaches. Schrump and Waheed (73), at the thoracic
oncology branch of the National Cancer Institute, have shown that 
antisense oligonucleotides designed to abrogate SV40 Tag expression
induce apoptosis and enhance sensitivity to chemotherapeutic agents
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in SV40 (+) mesothelioma cells in vitro. Another strategy has been
advocated by Imperiale and colleagues (74) at the University of Michi-
gan and Wayne State University Medical Centers, who are developing
a genetically engineered vaccine to SV40 Tag. SV40 is an excellent 
candidate for antigen-specific immunotherapy, because Tag is a viral
antigen that should not induce immune tolerance, unlike most other
tumor antigens. The Michigan group has created a recombinant, 
truncated version of Tag (mTag), modified to exclude the domains
involved in oncogenic function: the J domain and the p53 and pRB
binding domains. They have cloned the mTag gene into a vaccinia
vector (vac-mTag), and have demonstrated significant antitumor
immune responses in Balb/c mice carrying Tag(+) tumors. A phase I
dose-escalation safety and toxicity trial in patients with Tag-expressing
mesotheliomas is planned (Table 52.2) (74).

Replicating Viruses

An additional mechanism of maximizing intratumoral gene transfer
would be to produce adenoviral vectors capable of selective replication
in mesothelioma cells. In this approach, tumor killing could occur via
two mechanisms: direct tumor lysis due to viral replication or aug-
mentation of transgene delivery, such as HSVtk. Widespread dissemi-
nation would likely be precluded by the intact host immune response
(75).

One approach to make such tumor selective virus is to substitute the
adenoviral E1 promoter with promoters for mesothelioma-related pro-
teins, such as manganese-superoxide dismutase (MnSOD), calretinin,
and mesothelin (76–79). Work by Kinnula’s group (76) in Finland, has
shown that MnSOD is very highly expressed in human malignant
mesothelioma tissues and cell lines. Calretinin is a 29-kd calcium-
binding protein that is expressed primarily in the nervous system, but
high levels of expression have also been noted in cells of mesothelial
origin (77,78). Mesothelin is a 40-kd surface protein of unknown func-
tion that is expressed only on the tissues forming the pleural, pericar-
dial, and peritoneal membranes (79). Another approach is to use more
general tumor-selective promoters, such as promoters responsive to 
the transcription factor E2F (80) or the survivin gene (81). Our group
has recently generated such an E2F-driven virus and showed that it
selectively replicated in and lysed tumor cells, compared with non-
transformed cells (80).

ONYX-015 is a conditionally replication competent adenovirus
lacking the E1b 55-kd gene, and therefore can only replicate in tumor
cells lacking functional p53. One of the functions of E1b 55-kd is to bind
and inactivate wild-type p53. Clinical trials of ONYX-015 in patients
with cancers of the head and neck and lung have shown evidence 
of tumor reduction with minimal toxicity. As described above, in
mesothelioma, unlike many other solid tumors, genetic alterations in
p53 are uncommon, but functional inhibition of p53 can be achieved
via deletions in the INK4a/ARF locus. The UCSF group demonstrated
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in vitro cytotoxicity of ONYX-015 on mesothelioma cell lines lacking
p14(ARF), and increased resistance of these same cell lines to ONYX-
015 after transfection of the tumor cells with Ad.p14 (82).

To date, replicating adenoviruses have proven safe in phase I clini-
cal trials, but have had limited efficacy. With further refinements or
with combinations with other treatments (such as chemo- or radiation
therapy), this approach could prove useful in the future.

Summary

Gene therapy for mesothelioma is in its infancy, yet the results of recent
phase I clinical trials and ongoing preclinical studies offer significant
promise for the future. Intrapleural and intratumoral injections of viral
and nonviral vectors encoding therapeutic genes have proved safe in
humans with evidence of intratumoral gene transfer and expression of
therapeutic proteins. Anecdotal tumor responses have been seen in
suicide gene therapy trials, either as a result of direct cytotoxicity or
via induction of bystander immunologic phenomena. Our group is 
vigorously pursuing an immuno-gene therapy approach with an 
adenovirus expressing interferon-b. Expanding knowledge of the 
cellular and molecular abnormalities responsible for the carcinogene-
sis of mesothelioma has led to the development of new gene therapy
approaches targeting oncoproteins and mutant tumor suppressor
genes. Implementation of these experimental modalities on a routine
basis for mesothelioma patients remains several years in the future.
Nevertheless, the lack of significant benefit from standard anticancer
treatments in the disease argues strongly for patient enrollment in 
clinical studies of various gene therapy approaches to determine 
safety, toxicity, and efficacy, as well as to guide future laboratory 
investigation.
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53
Immunotherapeutic Approaches 
and Vaccination Strategies
Anna K. Nowak, Richard A. Lake, and Bruce W.S. Robinson

Malignant mesothelioma is increasing in incidence and is invariably
fatal. Patients commonly present with advanced disease, making treat-
ments, such as surgery and radiotherapy anatomically and technically
difficult and often unsuccessful in this group of patients. Furthermore,
chemotherapy has historically been ineffective, although in recent
years newer regimens with higher response rates have been reported
(1–3), but are not curative. Hence, there is a need for new treatments.
New therapies, such as immunotherapy and vaccine therapy, therefore,
can be readily tested in this disease. This chapter discusses the theo-
retical and preclinical bases of these experimental strategies, and pro-
vides an overview of the clinical trials performed in this area. Although
this chapter discusses immunotherapy, vaccine therapy, and combina-
tion chemoimmunotherapy separately, these areas are linked and such
separations are artificial but necessary.

The Immune Response to a Solid Tumor

To understand how novel therapies might alter the immune response
to tumor, it is important to first understand how the immune system
responds to cancer under normal circumstances. The antitumor
immune response consists of an innate or nonspecific component and
an adaptive or specific component. The innate and adaptive immune
systems do not act in isolation, each producing soluble factors, such as
interferon-g (IFN-g) and interleukins, which may have a stimulatory or
inhibitory role for cells from the other arm of the immune response,
and there may also be crosstalk between cell populations from the
innate and adaptive immune systems, adding further complexity to
this interaction.

An effective immune response to tumor requires both recognition of
tumor by the immune system and the subsequent development of an
adequate immune response with the ability to infiltrate the tumor and
kill tumor cells. The immune system must recognize tumor antigens;
they must be taken up, processed, and presented to CD4+ T cells by
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dendritic cells, and directly or cross-presented to CD8+ T cells in the
context of appropriate co-stimulation. CD8+ T cells must be capable of
proliferating, entering the tumor milieu, and then effectively killing
tumor or activating other local cells to do so. The magnitude and dura-
tion of the cellular response must be adequate to eradicate tumor.
Important points in the development of antitumor immunity will be
discussed.

The Innate Immune Response

The innate immune system originally evolved to produce a rapid, first-
line defense against pathogens. It has not evolved to recognize anti-
gens, and thus has a less important role in antitumor immunity than
the adaptive immune system. However, natural killer (NK) cells may
have an antitumor role as mediators of antibody-dependent cellular
cytotoxicity (ADCC), killing tumor cells coated with antibody via their
receptor for immunoglobulin G (IgG). Furthermore, they interact with
the adaptive immune system by secreting IFN-g and other cytokines,
such as interleukin-1 (IL-1) and granulocyte-macrophage colony-
stimulating factor (GM-CSF) when activated. They may also have a role
in surveillance against malignant transformation. Neutrophils play an
important role in acute inflammation and the immediate response
against infection, but their role in antitumor immunity has received
little attention, despite the fact that neutrophil infiltration of tumors
corresponds with a favorable prognosis in some studies, and that most
cytokine treatments of experimental tumors show a strong neutrophil
infiltrate in responding sites (4). Once recruited into the tumor, neu-
trophils can produce IL-1b, tumor necrosis factor-a (TNF-a), and inter-
ferons, and can also kill tumor cells by ADCC (5). Tumor macrophages
infiltrates are often heavy, and these cells may have a role in antigen
presentation and tumor cytotoxicity, e.g., via production of nitrous
oxide (NO).

The Adaptive Immune Response

The adaptive immune response entails the interaction between B and
T lymphocytes and antigens. The two arms of the adaptive immune
system consist of the cellular or T-lymphocyte arm, and the humoral
or B-lymphocyte/antibody arm. Although the adaptive immune
system responds more slowly than the innate immune system, its
advantage lies in its increased specificity. While early stages of lym-
phocyte development are not dependent on the presence of antigen,
their subsequent survival, differentiation, and proliferation become
antigen-dependent, underlying the specificity of adaptive immunity.

Tumor antigens are usually proteins, expressed by the tumor cell,
which can be recognized by the adaptive immune system. They may
result from somatic mutations in normal gene products, mutated onco-
genes, viral proteins, normal gene products with a restricted tissue dis-
tribution, such as the cancer-testis antigens, and normal tissue-specific
gene products. It now seems clear that the failure to elicit an effective
immune response is not due to a lack of tumor antigen expression or
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to a lack of host recognition of tumor antigens. The failure to control
or eradicate tumor appears to occur in the priming or licensing of the
cell-mediated effector arm. Tumor antigens, including mesothelioma
antigens, are constitutively presented in lymph nodes draining tumors
and can stimulate a T-cell proliferative response, regardless of where
in the cell the tumor antigens are expressed (6–8).

The cellular arm of the adaptive immune system is predominantly
composed of T lymphocytes, and there is abundant evidence that these
cells are important in antitumor immunity. CD4+ and CD8+ T lympho-
cytes can recognize antigen presented to them by antigen presenting
cells (APCs) in the appropriate major histocompatibility complex
(MHC) context and with the correct expression of co-stimulatory mol-
ecules. Activated T cells can then proliferate and move from the lymph
node to the periphery as functional immune effector cells. Both CD4+

and CD8+ T cells are important for optimal antitumor immunity. T-cell-
subset depletion experiments show that both cell types are required for
rejection of tumor in vaccination studies (9). CD4+ lymphocytes have
an important role at numerous points along the pathway of initiating,
maintaining, and directing the activation of CD8+ T lymphocytes, but
it is the CD8+ T cells that, when appropriately activated, differentiate
to become cytotoxic effector cells, with the ability to target and kill
tumor.

The humoral arm of the adaptive immune response consists of B
lymphocytes and their differentiation into antibody-secreting mature
plasma cells and antibodies. They may have a role as potential APCs,
but they are not necessary for an efficient immune response, and may
in some circumstances be detrimental to T-cell activation and tumor
recognition. Although antibody responses do not generally correlate
with response against tumor, in some experimental situations immune
sera have been shown to enhance tumor growth, probably by blocking
access of tumor-specific lymphocytes to their target (10). In addition,
B-cell–deficient mice in some systems control tumor growth more
readily than their normal littermates, and the presence of B cells in the
priming phase may result in disabled CD4+ T cell help for CD8+ cyto-
toxic T lymphocyte (CTL) (11).

How Do Tumors Escape Immune Destruction?

Early theories of antitumor immunity suggested that there was con-
stant immune surveillance for tumors, which arose frequently but were
then eliminated as tumor antigens were recognized as foreign or
nonself. Tumors that did grow were felt to have escaped immune sur-
veillance. However, this theory was challenged by the observation that
immunodeficient mice did not have a higher incidence of tumor occur-
rence compared with immunocompetent mice, although recent data
have again supported this notion. There are several explanations as to
why the immune system fails to eradicate many tumors, even those
expressing foreign antigens. First, MHC class I molecule expression 
is necessary for antigen presentation to CD8+ T lymphocytes. While
most cells, including tumor cells, express MHC class I molecules, some
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tumors can downregulate class I expression. The progressive loss of
class I antigens may have a role in tumor progression and the devel-
opment of metastatic potential. This supports a “surveillance” mecha-
nism because selection pressure by CD8+ T cells must be present for
class I loss variants to occur. Second, even when tumor cells express
MHC class I molecules, they do not generally express co-stimulatory
molecules of the B7 family and are therefore unable to provide signal
two, which may lead to anergy and consequent lack of proliferation
and IL-2 production if the CD8+ T-cell receptor (TCR) becomes engaged
(12). Third, even if CD8+ lymphocytes are appropriately stimulated, the
tumor may provide an inhospitable environment for effector lympho-
cytes. They may be large and poorly vascularized, and the endothe-
lium and extracellular matrix may prevent T-cell infiltration. The tumor
environment can contain numerous immunosuppressive cytokines,
including transforming growth factor-b (TGF-b), IL-10, and vascular
endothelial growth factor (VEGF), which may enhance the ability of the
tumor to evade host immune responses. The expression of Fas ligand
on tumor cells may induce tumor-reactive CTLs to enter the apoptotic
pathway on contact with tumor. Finally, even if tumors stimulate 
an effective immune response, they may be too large for effective
immunologic destruction when this response matures. It is possible
that tumor must reach a certain critical mass to activate naive cells,
trigger expansion, and induce effector function. They may be ignored
early in their development because antigen-presentation levels remain
below a certain threshold. Necrosis and apoptosis are more likely to
occur in larger tumors, with tissue damage activating host dendritic
cells (DCs) to acquire antigen and present it to tumor-specific T cells in
the draining lymph node. However, by the time an effective antitumor
response has been stimulated, it may be too late. It is likely that some
or all of these factors contribute in varying degrees to the ability of 
individual tumors to escape immune destruction, and the problem is
almost certainly multifactorial.

Immunotherapy in Malignant Mesothelioma

Why Might Immunotherapy be Effective in 
Malignant Mesothelioma?

Although malignant mesothelioma does not belong to the group of
classically immunogenic tumors, such as malignant melanoma and
renal cell carcinoma, in which spontaneous regression is sometimes
reported, there is good evidence that the immune system can recognize
this tumor. About 40% of patients with this tumor demonstrate high
levels (titers >1/100) of antibodies reactive with mesothelioma cell line
lysates in Western blot (13). There is no evidence that these antibodies
affect the course of the disease. There is a relationship between tumor
infiltrating lymphocytes and prognosis, which suggests that improv-
ing the immune response to this tumor may improve patient outcome
(14). Furthermore, spontaneous regression has been reported in this
disease, associated with evidence of immune responsiveness (15) 
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(Fig. 53.1). The impetus to pursue immunotherapy in mesothelioma
arose because of a lack of effective conventional therapies, coupled
with the fact that mesothelioma patients, due to their otherwise poor
prognosis, are often motivated and willing participants in clinical trial
programs. As mesothelioma is often localized to the pleural space,
which is readily accessible, local treatments can be tried. Similarly, 
it is not difficult to obtain tumor tissue to study surrogate biomarkers
of treatment efficacy, such as expression of transduced genes and lym-
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Figure 53.1. A: Tumor biopsy from a patient who underwent a spontaneous
computed tomography (CT) scan confirmed spontaneous regression. Review
of the initial mass showing mesothelioma tumor cells with a pronounced
mononuclear cell infiltrate, clearly distinguishable from the tumor cells that are
stained with an anticytokeratin stain (stained brown) from the mononuclear
infiltrate. B: Western blot of serial serum samples from this patient showing
changes in the antimalignant mesothelioma specific humoral immune response
over time.
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phocytic infiltration of tumor. Further support for this treatment 
strategy comes from evidence that both mesothelioma patients and
asbestos-exposed persons without mesothelioma have some immune
dysfunction, and in vitro studies also support the detrimental effects
of asbestos on immune cells. Although patients with mesothelioma
maintain normal white cell counts, immunoglobulin levels, and total
serum proteins, they show decreased mitogen responsiveness and lym-
phokine-activated killer (LAK) cell activity against mesothelioma
tumor targets (16–18). Both humoral and cell-mediated antibody-
dependent cellular toxicity is abnormal (19); NK cell activity is
decreased, and CD4+ lymphocyte numbers are reduced. T cells infil-
trating murine mesotheliomas also show low surface expression of
CD3, a feature of T-cell downregulation. Furthermore, asbestos itself
suppresses NK and LAK cell function in vitro (17,20,21). Thus, it may
be reasonable to explore treatments that can improve the immune
response to this disease.

Tumor Antigens in Malignant Mesothelioma

For the immune system to mount a response against tumor, the tumor
must express antigens that distinguish them from the surrounding
normal tissue. Nevertheless, despite the presence and effective presen-
tation of antigens, many tumors still evade immunologic destruction.
Thoracic malignancies, including mesothelioma, have long been 
considered nonimmunogenic and not amenable to immunotherapy.
However, the lack of an effective immune response is unlikely to be
due to the lack of antigen expression, with several tumor antigens
being recently identified in malignant mesothelioma. The cancer-testis
antigens are normal gene products, but usually have a restricted tissue
distribution. These include the MAGE and GAGE antigen groups.
Malignant mesothelioma cells have been found to express numerous
cancer-testis antigens, with individual cells expressing up to four 
concurrently. These included MAGE-1, -2, and -3, GAGE 1–2, GAGE
1–6, SSX-2, and SSX 1–5 (22). We have recently shown that up to 80%
of patients express at least one GAGE isoform. The SEREX technique
[serologic analysis of recombinant complementary DNA (cDNA) ex-
pression libraries] identifies antitumor antibody responses by using
sera from the patients to probe tumor cDNA libraries and identify anti-
gens generating a humoral response. Antigens discovered by SEREX
techniques generally also elicit a cellular response (23), and the major-
ity of tumor antigens recognized by this analysis are self antigens, sug-
gesting that reactions occur to immunogenic proteins to which the host
is not fully tolerant, as a form of autoimmunity (24). We have identi-
fied several tumor antigens in mesothelioma using SEREX (13). Anti-
bodies to topoisomerase IIb were found in 13 of 14 patients, and thus
there may be shared tumor antigens in mesothelioma. Although none
of the antibodies found in this study were unique to mesothelioma, this
finding merely supports the idea that immunogenic tumors more com-
monly overexpress self antigens rather than novel tumor antigens. As
mesotheliomas express tumor antigens, and these antigens can be rec-
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ognized by the host, antigen expression and recognition are unlikely to
be the limiting factors in the antitumor immune response.

Antigen Presentation and Co-Stimulation

Tumor antigens are presented to CD8+ T cells in the context of the class
I MHC molecule. The expression of MHC antigens by tumors may
affect antigen presentation to CD8+ T cells and APCs, and influence the
subsequent immune response. Although human malignant mesothe-
lioma cell lines express high levels of class I MHC molecules, the tumor
cells are poor APCs (25). Antigen-presenting cells, such as DCs, upreg-
ulate their expression of co-stimulatory molecules like B7-1 and 
MHC class II molecules after receiving signals from chemokines 
and cytokines (GM-CSF, IL-4, TNF-a, IL-1b) and bacterial products
(lipopolysaccharide, LPS). Final maturation can then occur after DCs
interact with CD4+ T-cell surface molecules (CD40–CD40 ligand inter-
action) and cytokines, such as IFN-g, and further co-stimulatory mole-
cules are expressed. While tumors express MHC class I molecules, 
they rarely express co-stimulatory molecules or secrete cytokines, and
thus cannot present antigen in the right context to stimulate a cytotoxic
response. The provision of co-stimulation by transfecting B7-1 into
tumor has been tried in mesothelioma animal models. Transfecting B7-
1 into nonimmunogenic mesothelioma cell lines inhibited tumor
growth, and mice also rejected the parent cell line, although rejection
was not CD4+ independent. Cytotoxic T cells were effectively gener-
ated. In the same system, transfection of tumor with B7-2 did not affect
the development of tumors in vivo (26). The murine mesothelioma cell
lines used in these experiments were asbestos-induced and are similar
in many respects to human malignant mesothelioma (27). These results
suggest that transfecting tumor cells with B7 may allow them to present
antigen better to effector T cells, probably by increasing antigen deliv-
ery via host APCs. This approach could be used clinically in cancer vac-
cination by transfecting allogeneic tumors. There have been no clinical
trials of this approach as yet in mesothelioma.

Nonspecific Immunostimulants

The history of immunotherapy in mesothelioma mirrors its develop-
ment in other tumor types. In the 1970s, bacillus Calmette-Guérin
(BCG) was widely tested as an immunotherapy in many tumor types,
including mesothelioma (28). Later, NK cells were discovered, and
interleukins, which could stimulate the development of LAK cells,
became available as purified recombinants. In the following decade,
NK and LAK cell therapy, together with cytokine therapy, became a
major focus of research in many malignancies. Natural killer cells are
cytotoxic to both virally infected cells and tumor cells. They are able to
mediate direct lytic effects on virally infected cells and can also mediate
ADCC. Lymphokine-activated killer cells are generated by culturing
leukocytes, together with high doses of IL-2 for several days, and IL-2
and the interferons increase the cytotoxicity of this population. They
can lyse not only those cells that are susceptible to NK cell lysis, but
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also fresh tumor cells that are normally resistant to NK lysis (29). Both
fresh mesothelioma cells and cultured cell lines are sensitive to lysis 
by IL-2–activated LAK cells (30), although they are not destroyed by
NK cells. Despite these interesting preclinical observations, LAK cell
therapy was toxic in clinical practice and tested only in small numbers
of patients with mesothelioma.

Cytokine Therapy

Since the large-scale production of cytokines and interferons became
possible, interest in the therapeutic possibilities of these proteins has
risen. Following antigen presentation, the cytokine environment is
responsible for promoting an optimal Th1-type response or, instead, a
less effective Th2-type humoral response. A Th1 response produces 
IL-2, TNF-a, and IFN-g, which mediate local inflammation and cyto-
toxicity, inducing a strong cellular immune response. A Th2 response
produces IL-4, IL-5, IL-6, and IL-10, which stimulate B-cell prolifera-
tion and subsequent antibody production. Hence, if the tumor cytokine
milieu can be changed to promote a Th1 response, antitumor immu-
nity may be generated more effectively. In mesothelioma, the pleural
space is accessible to treatment strategies attempting to instill or induce
high cytokine levels in the local tumor area, and this tumor rarely
metastasizes. Hence, this approach has been exploited in both animal
models and patients. A further benefit of intrapleural cytokine admin-
istration in this disease is the decrease in systemic side effects of
cytokines, which can be severe and even cause mortality. High intra-
tumoral cytokine concentrations can be achieved by either transducing
tumor cells to express high cytokine levels using a viral vector (31), or
by injecting or infusing the cytokine directly into the tumor (32). The
first strategy is discussed later with other methods of gene therapy.

The interferons are cytokines with antiviral activity that have both
direct antiproliferative effects and a role in regulation of gene expres-
sion. Interferon-a (IFN-a) induces increased cell-surface expression 
of MHC molecules on both normal and malignant cells, which may
increase the susceptibility of malignant cells to immune destruction.
Preclinically, the effects of IFN-a on malignant mesothelioma cell lines
are variable (33,34), and both human and murine malignant mesothe-
lioma cell lines can be inhibited by IFN-a in animal models, indepen-
dent of the presence of T cells (35,36). Following these preclinical
observations, IFN-a was tried in patients. One of 13 patients treated
with systemic IFN-a showed an objective tumor response (37), and
intracavitary treatment for malignant pleural effusion from mesothe-
lioma did not give any objective responses (38). In our center, a
response rate of 13% was observed from 25 patients treated with 
systemic therapy (39). Some patients exhibited dramatic responses 
that lasted from 5 to 13 years, but side effects limit widespread 
use. Although IFN-a shows additive or synergistic tumor inhibition
both in vitro and in vivo when combined with TNF-a (34), IFN-g, and
the cytotoxic drug methotrexate (40), this approach has been difficult
in the clinical situation. A combination of doxorubicin and IFN-a
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achieved a 16% partial response (PR) rate, but was too toxic for further
development (41).

Interferon-g also shows antiproliferative activity in vitro, alone and
in combination with TNF-a (33,34). In vivo effects may be partially
mediated through upregulation of MHC expression on mesothelioma
cells, improving antigen presentation and hence, acting as a better
target for lytic T cells (25). While intrapleural IFN-g has been tested in
the phase II setting, it has shown any significant efficacy only in early-
stage disease. Of 12 patients with stage I disease, there were four com-
plete and one partial response. However, only one of 10 patients with
stage II disease attained a partial response (42). The combination of
IFN-g and TNF-a was toxic in a phase II study of patients with solid
tumors, although one patient with mesothelioma was noted to clear 
his ascites of malignant cells (43). Interferon-b also inhibits human
mesothelioma cell growth in vitro (44). However, it has not produced
any responses in patients (45), and was highly toxic. Single-agent inter-
ferons have not been developed further for mesothelioma, in part, due
to their high toxicity. All patients develop fever, and intrapleural
therapy has been complicated by empyema.

Interleukin-2 is an autocrine T-cell growth factor released by these
cells after antigen recognition. It is required for survival and prolifera-
tion of activated T cells, and production is augmented by CD28 co-
stimulation. Without IL-2 and co-stimulation, the T cell may become
anergic or die. In addition, in some situations IL-2 can have a direct
antiproliferative effect on human malignant mesothelioma cells in
vitro, independent of its effects on the cellular immune response (46).
The ability of IL-2 to induce activation and expansion of LAK cells led
to interest in clinical trials of this cytokine. While in vivo murine
mesothelioma growth is inhibited by combination therapy using IL-2
and LAK cells (Manning et al, unpublished data), no responses were
seen in a pilot study of intrapleural IL-2/LAK cells in five patients with
this disease, and the toxicity of the combination was excessive, even
when IL-2 was given intrapleurally (47). There have been several
further clinical trials of IL-2 in mesothelioma. A 5-day continuous infu-
sion of intrapleural IL-2 was reported to give an objective response in
seven of 15 patients in a phase I study (48), and a follow-up to this
study, giving 21 ¥ 106 IU IL-2 daily for 5 days, reported 12 objective
responses in 22 patients (55%) and a survival benefit in responding
patients (28 months vs. 8 months) (49). Despite this short, high-dose
course, little toxicity was reported. Low-dose, daily intrapleural admin-
istration of IL-2 (14 days in a 4-week cycle) was not as effective, with
four of 21 evaluable patients with stage I/II disease achieving a partial
response (50). Intrapleural IL-2 levels were up to 6000-fold greater than
systemic levels in this trial, and LAK activity was seen in intrapleural
mononuclear cells from all patients. The dose was limited by fever, flu-
like symptoms, and catheter infection.

Another interleukin, IL-12, has also been studied in murine and
human mesothelioma. Systemic IL-12 could prevent tumor growth in
some mice in a murine mesothelioma model, and tumor regression and
growth inhibition occurred following intralesional IL-12 injection. This
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correlated with an increased intratumoral infiltrate of CD4+ and CD8+

T cells (51). When a murine mesothelioma cell line was transfected with
the IL-12 gene, tumor did not grow, and furthermore, paracrine secre-
tion of IL-12 slowed growth of distally implanted tumor. Interleukin
12 has not been tested clinically in this disease.

Granulocyte-macrophage colony-stimulating factor (GM-CSF) has
numerous actions that may be beneficial to antitumor immunity,
including increasing lymphocyte activation, augmenting antigen 
presentation, stimulating antigen presentation by dendritic cells and
macrophages, and enhancing monocyte antitumor activity in vitro.
GM-CSF has been transduced into murine tumors, and can give
durable, specific antitumor immunity (52,53). In a murine mesothe-
lioma model, transfection of GM-CSF gives a dose-dependent antitu-
mor effect (Davidson JA et al, unpublished observations). Clinically, six
patients with stage II disease received intralesional rhGM-CSF infused
for 8 weeks via catheter in a pilot clinical trial (32). A lymphocytic
tumor infiltrate was seen in one patient who had a partial response,
and tumor necrosis occurred in one patient, but only at the catheter
site. The technical demands and toxicity of this approach precluded
further study.

Immunomodulatory Gene Therapy

As an alternative to giving local or systemic treatment with cytokines,
tumors can be transfected with genes for cytokines to induce antitu-
mor immunity through paracrine secretion. Tumors producing IL-2 
are heavily infiltrated by lymphocytic cells, whereas IL-4–producing
tumors stimulate a massive infiltrate of macrophages and eosinophils
but few T cells (54–56). Hence, genes for both these cytokines have 
been transfected into tumors in an attempt to activate CD4+ T cells or
give direct stimulation to CD8+ T cells (reviewed in ref. 57). In animal
models, transfection of IL-4 into a tumor cell line both mediates rejec-
tion of the transfected cell line and can generate immunity sufficient 
to reject the untransfected parent cell line, a phenomenon primarily
mediated by CD8+ T cells (58). Tumor cells transfected to secrete IL-2
also produced an antitumor response protecting against subsequent
challenge with the parental cell line, an effect not requiring CD4+ T cells
(59). Other cytokines that have been similarly studied in vivo include
IFN-g, IFN-a, TNF-a, GM-CSF, IL-6, and IL-1b (60; reviewed in ref. 57).
Our group has transfected a series of cytokine genes into malignant
mesothelioma cell lines. Tumors transfected with IL-2, IL-4, IL-12, or
GM-CSF were all rejected in vivo in a murine mesothelioma model
(61,62). Although all transfected cell lines were rejected, rejection of 
the parental cell line was not seen for any of these cell lines (62), sug-
gesting that the clinical utility of this approach may be limited.
However, the combination of debulking surgery and cytokine gene
therapy can reduce the rate of tumor growth in an experimental
untransfected metastasis (63). Those transfectants expressing B7.1 or
producing high GM-CSF levels were most effective at reducing tumor
growth rate, while those producing IL-2 and IL-4 did not show much
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growth delay. This combination of debulking surgery and cytokine
gene therapy has not yet been tested clinically.

In patients, gene therapy has been explored as a way of delivering
cytokines in order to circumvent some of the problems of infusional
cytokine treatment; it may enable the cytokine to be continuously pro-
duced, in high levels, and in the correct location. In reality, however,
the ideal vector to fulfill this promise has not yet been identified. Our
group has studied vaccinia virus (VV) as a vector for cytokine gene
transfer in malignant mesothelioma (31). The IL-2 gene was inserted
into the TK region of the vaccinia virus, which then became replica-
tion deficient. Six patients received one to three weekly intratumoral
injections of vaccinia virus–IL-2 (VV–IL-2), receiving up to 107 plaque-
forming units (pfu) per injection. Previous studies suggested that 
vaccinia virus was immunogenic and hence, unlikely to maintain long-
term expression of the transfected cytokine. The VV IgG titers did
increase over the treatment course; however, tumor biopsies showed
prolonged, although low level, intratumoral expression of VV–IL-2
mRNA. Virus was neither excreted nor transmitted to contacts.
Although there were no tumor responses, 50% of injection-site biopsies
showed T-cell infiltration. We are continuing to investigate cytokine
gene transfection in animal models of mesothelioma. Nevertheless, it
is debatable whether continuous cytokine production, as occurs with
successful delivery of gene therapy, is the ideal schedule for cytokine
administration. Data from animal models have shown that continuous
infusion of IL-2 is less effective in producing tumor remission than
intermittent injections (van Bruggen et al, unpublished data).

Mesothelioma Vaccines

Cancer vaccines aim to stimulate a specific immune response in the
tumor host. For a vaccine to have any degree of success, the patient
must have an intact cell-mediated immune system, and the tumor must
bear antigens that are recognizable and can generate an immune
response. This therapeutic strategy is most likely to succeed when the
tumor burden is low (adjuvant therapy following chemotherapy or
surgery) or as a low-toxicity prophylaxis in high-risk populations, such
as those exposed to high levels of asbestos. The tumor antigen does not
need to be identified in order to use vaccination as a treatment strat-
egy. When the tumor does not express known antigens, autologous
whole tumor cells or tumor lysates may be used or, less attractive, allo-
geneic cells. Production of tumor lysates can expose intracellular 
proteins, which may encourage a more immunogenic mode of 
presentation. Autologous tumor can be surgically obtained and then
inactivated by enzymatic digestion, freezing, thawing, and then irra-
diation. Allogeneic tumor can be obtained from one or several cell lines
that can be mixed and irradiated. The success of allogeneic tumor 
vaccines requires shared tumor antigens between the autologous 
tumor and the patient’s tumor. If shared tumor antigens have already
been identified, antigenic peptides or proteins can be manufactured, 
or APCs transfected with genes for tumor antigens. An example of the
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identification and use of a possible shared tumor antigen as a vaccine
in mesothelioma is the use of vaccinia virus transfected with a 
modified simian virus 40 (SV40) T antigen (64). This vaccine has been
tested in animal models and found effective against tumor challenge
and also established tumors. It has not been tested clinically in this
disease.

The availability of the right antigen is important, but without 
the appropriate context of antigen presentation, anergy, ignorance, or
clonal deletion may occur in the specific T-cell population. The “danger
theory” suggests that signals from inflammation or tissue destruc-
tion may be necessary for appropriate antigen presentation (65). The
absence of danger may be why some antigen-bearing tumors do not
stimulate an immune response. A successful vaccine must be able to
either break tolerance or activate T cells of different specificities, such as
to low affinity or cryptic antigens. One method of increasing the
immunogenicity of vaccines is to use an “adjuvant,” which may be non-
specific [BCG, Detox (Ribi Immunochem Research, Hamilton, MT), or
the glycoside QS-21]. Lipopolysaccharide and CpGs, which bind toll-
like receptors, are also excellent adjuvants (66). Immunostimulatory
cytokines, such as GM-CSF, are effective adjuvants (67), and the genes
for GM-CSF or other cytokines and co-stimulatory molecules can be
transduced into tumor cells prior to vaccination (56), although this
approach is not really technically feasible for autologous vaccination.
Autologous tumor may be more readily mixed with microspheres con-
taining cytokines or with inert bystander cells previously transduced
with the gene of interest (68). In murine models, tumors transfected
with the gene for GM-CSF can protect from tumor development and
further challenge with the untransfected parent cell line (53). The use of
adjuvant GM-CSF has been tried clinically in colon and prostate cancer
and melanoma. We are currently conducting a pilot study of autologous
vaccination in malignant mesothelioma. Tumor is removed by resection
or thoracoscopically, and then inactivated by freeze-thawing and sub-
sequent irradiation. Tumor cells are mixed with soluble GM-CSF, and
injected subcutaneously, fortnightly for 3 months. There is an initial
lead-in period of 9 weeks in order to monitor baseline antitumor
immune responses. Although tumor response and survival will be mon-
itored, the primary aim of this pilot study is to demonstrate an immune
response. This is assessed using Western blotting and enzyme-linked
immunosorbent assay (ELISA) of serial serum samples, together with
delayed-type hypersensitivity (DTH) skin testing using lysed irradiated
autologous tumor cells. To date, eight patients have completed the trial.
Two patients had a positive initial DTH skin test, and two further
patients have subsequently developed positive DTH tests. One patient
had a positive initial Western blot, and one patient has developed a pos-
itive Western blot after vaccination. Toxicity has been acceptable, with
no hospital admission related to vaccination treatment. Median sur-
vival from diagnosis to date is 12 months, with four of eight patients
remaining alive. The longest surviving patient is alive 25 months 
postdiagnosis, and this patient had an initial positive DTH skin test,
which has remained positive throughout the vaccination program. The

A.K. Nowak et al 809



development of tumor-specific immunity in some patients is encourag-
ing, and the trial is ongoing.

Tumor Vaccine with Suicide Gene Therapy

A further approach currently under investigation is the use of allo-
geneic irradiated ovarian cancer cells that have been transduced with
the gene for herpes simplex virus-1 thymidine kinase (HSVtk) (PA-1-
STK cells). “Vaccination” with these cells is followed by systemic treat-
ment with ganciclovir. In vitro, these cells are capable of killing both
murine and human mesothelioma cell lines, and when used in vivo,
improved survival in a murine model of mesothelioma (69). In human
trials, radiolabeled PA-1-STK cells have been instilled into the pleural
cavity of mesothelioma patients, and can travel to an intrapleural
tumor (70). This system is now being tried in a phase I setting in con-
junction with ganciclovir treatment. It is hoped that a “bystander”
effect will kill neighboring mesothelioma cells (71). The concomitant
production of proinflammatory cytokines such as IL-2 and TNF-a, may
also induce a more immunostimulatory tumor microenvironment (71).
A clinical trial has been reported, with six patients treated with up to
1 ¥ 108 PA-1-STK cells alone, and a further three patients receiving
intrapleural PA-1-STK cells, followed by ganciclovir treatment. In the
results reported to date, increased CD8 T lymphocytes have been
shown to enter the pleural fluid after this treatment, and no alloreac-
tivity has been reported (71).

Chemoimmunotherapy

Until recently, there has been no “gold standard” for chemotherapy in
the treatment of mesothelioma. This has opened possibilities for inves-
tigational treatments combining chemotherapy and immunotherapy.
Much of this work has been tried directly in patients with little pre-
clinical exploration of the combination in models of mesothelioma. 
It has been hypothesized that the inflammation induced by an antece-
dent tumor vaccine may disrupt tumor architecture, thus possibly
increasing the effect of cytotoxic drugs. However, there have also 
been theoretical concerns that chemotherapy may be detrimental to 
antigen-specific antitumor immunity, due to its toxic effects on divid-
ing lymphocytes.

We have been examining the effects of chemotherapy on antigen-
specific antitumor immunity and combination chemoimmunotherapy
in a murine model of mesothelioma. The cell line used was generated
from asbestos inoculation into the peritoneal cavity of mice, and has
subsequently been transfected with the hemagglutinin antigen (HA) as
a tumor “neoantigen” (72). The immune response can then be followed
in vivo using, among other tools, T-cell receptor transgenic mice 
with CD4+ and CD8+ T cells with specificity for this antigen. We have
shown that gemcitabine chemotherapy decreases humoral immunity
and inhibits B-cell proliferation (73). However, gemcitabine appears to
have a priming effect on cell-mediated immunity, increasing cross-
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presentation, T-cell proliferation to specific tumor antigens, and tumor
lymphocyte infiltration (74). Immunotherapy with a virus expressing
HA is more effective when given after a full course of gemcitabine
chemotherapy than when given alone. Furthermore, treatment of 
established murine mesothelioma using gemcitabine, followed by
immunotherapy with an activating anti-CD40 antibody, results in 
cures of between 40% and 80% of mice. Alternative schedules using
immunotherapy prior to or during chemotherapy are not effective (75).
CD40 activation alone has not been studied in mesothelioma; however,
this strategy was ineffective in clinical trials in other cancers (76) as well
as alone in murine mesothelioma (75). Nevertheless, it would be inter-
esting to perform a clinical trial of this combination in mesothelioma,
particularly in a setting of minimal residual disease, such as the post-
surgical period.

In clinical trials, combining chemotherapy with cytokines has been
most widely explored. A trial showing some minor activity of IFN-a
alone (39) was followed by a trial of IFN-a together with doxorubicin
(41). Four of 25 patients treated (16%) had a partial response to treat-
ment, a response rate no different from that to either agent alone.
However, the regimen was unacceptably toxic. Interferon-a was also
combined with mitomycin C and cisplatin, following encouraging pre-
clinical data (77,78). This was a nonrandomized two-arm study, com-
paring 28-day cycles of IV cisplatin and mitomycin and subcutaneous
IFN-a with a group receiving best supportive care. There was no dif-
ference in survival between the two groups, and six of 43 patients (14%)
had a partial or complete response. Interferon-a and cisplatin have
been tested together in a combination that was toxic but gave partial
responses in 10 of 25 patients (40%) (79). A subsequent study by the
same investigators gave a 50% higher dose of IFN-a, which was not
more efficacious (PR 26%) and was too toxic to pursue further (80). The
response rate was not further improved by the addition of mitomycin
C or IL-2 (81). The group performing these trials has now abandoned
this approach in mesothelioma in favor of combination raltitrexed and
oxaliplatin. Finally, IFN-a and carboplatin have been tried together
with a partial response rate of 7%, no different from that of carboplatin
alone (82).

A trial of chemoimmunotherapy has used a different approach.
SRL172 is a suspension of heat-killed Mycobacterium vaccae, which has
been used in combination with mitomycin C, vinblastine, and cisplatin
(83). Theoretically, when chemotherapy kills tumor cells, tumor-
specific or tumor-associated antigens may be released, and this
chemotherapy effect, in combination with the nonspecific stimulant of
SRL172, could lead to improved antigen recognition. Nine trial patients
had mesothelioma, and of these, two of four patients in the combina-
tion therapy group had a partial response, compared with one of five
in the chemotherapy-only group. Newer, more active chemotherapy
combinations, together with appropriate scheduling of chemotherapy
and immunotherapy on the basis of preclinical information, should
lead to improved efficacy of chemoimmunotherapy combinations.
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Conclusions and Future Directions

There has been much recent progress in the understanding of the
immunology of malignant mesothelioma, particularly in identification
of shared tumor antigens and in tumor models of the disease express-
ing neoantigens. However, gene therapy, immunotherapy, and cancer
vaccination are yet to be established as conventional therapies. As more
effective chemotherapy is becoming available (1–3), we may no longer
be able to treat patients on clinical trials of immunotherapies as first-
line treatment, although as yet there is no evidence that early
chemotherapy is more beneficial for survival than delayed chemo-
therapy. Patients will be presenting for experimental therapies in the
context of chemotherapy failure, together with chemotherapy, or in a
postsurgical setting. Traditional markers of response may be obscured,
emphasizing the need to develop alternative biomarkers of efficacy that
can be used at an earlier stage of disease. Techniques, such as microar-
ray analysis, may help us to predict which patients are likely to respond
to treatments such as chemotherapy or immunotherapy. The principles
of advances in immunotherapy in other malignancies can be applied
to mesothelioma, at least to generate hypotheses and suggest new ther-
apies for trial in animal models. It seems clear that single modalities of
conventional therapies will not be successful alone, and we must look
at combinations of treatments that include novel agents.
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54
Economic Aspects of Mesothelioma

Joyce A. Lagnese

The economic aspects of mesothelioma may be summed up in one
word: enormous. These impacts over the past few decades and into the
foreseeable future may be measured in many billions of dollars, which
represents a major transfer of wealth in our economy. These economic
aspects have resulted in the creation and destruction of entire indus-
tries, and the impact has been felt by many people and throughout
wide sectors of society. The most immediate impact is on the victims
and their families, who have been forced to cope with the devastating
effects of the disease. The best documented impact is the costs associ-
ated with asbestos litigation. Asbestos has been the most litigated mass
tort in American history. It has been variously referred to as an “ele-
phantine mess” (1) and a “disaster of major proportions to both the
victims and producers of asbestos products” (2, p. 2). The abatement
of asbestos in buildings has also had a major impact on American
society. The economic dislocation caused by bankruptcy has also been
significant. Although mesothelioma affects people worldwide, this
chapter focuses on its impact in the United States.

Relationship of Mesothelioma to Asbestos in General

The economic aspects of mesothelioma are often difficult to separate
from the economic aspects of asbestos in general. Mesothelioma has
conventionally been thought of in the law as a “signature” disease
caused exclusively by exposure to asbestos (3). Yet other diseases, such
as asbestosis and certain forms of other cancers, are also recognized as
resulting from or associated with asbestos exposure. This makes it dif-
ficult to utilize conventional measuring techniques to isolate economic
aspects unique to mesothelioma. Where this isolation is possible, the
information is presented below. In general, however, the economic
impact of mesothelioma must often be roughly extrapolated from infor-
mation relating to asbestos generally.
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Economic Value of Asbestos Litigation

Asbestos litigation involves huge amounts of money. So far, defendant
companies have paid approximately $54 billion in claims and related
costs, and estimates for future liability have ranged from $145 billion
to $210 billion (4, p. vi). Some of the more extreme examples of ver-
dicts in asbestos cases include the following:

$55 million in one case (later reduced to $2.75 million) (5)
$150 million to five workers, including $60 million in punitive damages

(4, p. 59)
$150 million to six workers with asbestos claims (the local media

reported that none of the six plaintiffs had actually developed
asbestosis or mesothelioma) (4, p. 59)

Although the percentage of mesothelioma cases is small (approxi-
mately 3%) compared to the total of asbestos cases, mesothelioma cases
play a very prominent role in asbestos litigation and represent roughly
17% of the allocation of compensation. A mesothelioma case is gener-
ally regarded as of very high economic value. The average plaintiff in
a mesothelioma case currently receives a verdict in excess of $6 million.
When this is multiplied by the number of pending mesothelioma cases,
the amount is phenomenal. Compensation for mesothelioma claims
has also been rising sharply in recent years. The values of mesothe-
lioma cases are often the “drivers” for increasing the economic impact
of asbestos litigation in general. This phenomenon has a ripple effect
throughout the various features of asbestos litigation.

History of Asbestos Litigation

Asbestos litigation began in the late 1960s and early 1970s in the wake
of the seminal studies of Selikoff of Mount Sinai Hospital in New York
City, establishing a link between asbestos exposure and disease. Most
of the early claimants were insulators and other asbestos workers who
brought product liability suits against asbestos product manufacturers.
These suits were aided by documents suggesting that certain defen-
dants suppressed information relating to the dangers of asbestos.
Perhaps the most prominent defendant in the early years was the
Johns-Manville Corp., a leading manufacturer of insulation materials.
The litigation continued throughout the next three decades involving
an ever-expanding network of plaintiffs and defendants. Damages
awards became higher. Many defendants could no longer stand the
financial strain. Johns-Manville declared bankruptcy in 1982. By 2002,
it was joined in bankruptcy by over 59 other defendants (4, p. 71). The
list of corporate bankruptcies includes such well-known names as 
W.R. Grace & Co., Babcox & Wilcox, Pittsburgh Corning Corp., Owens
Corning Corp., and Armstrong World Industries. Some commentators
had predicted that the pool of plaintiffs would decrease at the turn of

822 Chapter 54 Economic Aspects of Mesothelioma



the century since most asbestos-containing products were removed
from the market in the 1970s. Yet the litigation proceeds unabated. No
accurate prognosis or end is in sight.

Sources of Compensation

Every dollar attributable to mesothelioma travels a very tortuous path.
Substantial payments for asbestos disease come from various private
or governmental benefits programs. The most documented asbestos
payments are those that come from personal injury claims. When these
claims first began to accumulate and were submitted for insurance cov-
erage, a series of disputes arose between policyholders and insurers
over the extent of such coverage. One of the major issues involved the
time period when coverage was “triggered”: when the disease was
created or when it was manifested? Given the long latency periods, this
question put many years of coverage in controversy, with enormous
economic consequences. These types of issues spawned a decade of 
litigation. The cases were decided mostly in favor of coverage in the
1980s and early 1990s. Most of the financing for mesothelioma and
other asbestos liability have thus come from primary, excess, and rein-
surance assets. This has had a significant impact on the insurance
industry, both in the United States and abroad. United States insurance
companies had spent about $21.6 billion on asbestos claims through
2000 (4, p. 54). The crisis in the Lloyds insurance market in London in
the late 1980s has been substantially attributed to American asbestos
liabilities.

When insurance is unavailable, the assets for recovery come from the
individual corporate resources of the defendants. When defendants
declare bankruptcy, a separate mechanism can be created for the financ-
ing of asbestos liability depending on the particular circumstances of
the defendant. A good example is the so-called Manville Trust, which
was created out of the assets of the company and exists for the sole
purpose of providing compensation. There has been some controversy
over the extent to which the purposes of some corporate restructuring
has been to avoid asbestos liability (6). Occasionally, companies have
emerged in some form from bankruptcy to rejoin the list of defendants.

The Manville Personal Injury Settlement Trust was the first example
of this latter process. The trust was established in 1986, four years after
Johns-Manville Corp. filed a petition for reorganization under Chapter
11 of the bankruptcy code (7). In November 1989, the United States
Bankruptcy Court for the Southern District of New York approved the
Manville Trust. The trust was established and organized in a fashion
that would provide settlements to those injured by their exposure to
asbestos, while limiting the need for litigation through aggressive 
settlement tactics. To date, the trust has paid out over $2.9 billion to
approximately 500,000 claimants. There are currently a number of firms
attempting to follow the lead of Johns-Manville in emergence from
bankruptcy.
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Measures of Damages

In a personal injury asbestos case, the conventional measures of
damages normally include medical expenses (so-called special
damages), pain and suffering, the value of loss of life, loss of consor-
tium of the victim’s spouse, and punitive damages when the defen-
dant’s actions are found to be egregious. More controversial damages
questions involve compensation for fear of cancer, for the risk that 
one might become ill in the future, or for medical monitoring. In 
some cases, the medical bills may be paid through the medical insur-
ance coverage of the plaintiff and there are other sources of compen-
sation, such as government benefits, workers’ compensation, and the
personal resources of the victims. Frequently, however, these items of
damages become issues in litigation. In the case of an abatement ques-
tion, the issue of economics normally arises in the form of a govern-
mental abatement directive sometimes followed by property damage
litigation.

Volume of Cases

Perhaps the single most influential feature of asbestos litigation is the
large volume of cases. From the 1970s to the present day, an estimated
600,000 cases have been filed in the courts of the United States. Accord-
ing to testimony in Congress, there were an estimated 200,000 cases
pending in 1999, with 20,000 to 50,000 new cases filed every year (8).
Between 1993 and 1999, the number of pending cases nationwide has
doubled. Filings have increased to more than 90,000 in 2001, compared
with 20,000 in the early part of the decade. Predictions for the filing 
of future claims have ranged from a few hundred thousand to over 
2 million (4, p. 46).

The number of mesothelioma cases has also been on the rise.
However, the number of such cases has not grown as rapidly as other
asbestos cases, and mesothelioma cases are decreasing as a percentage
of the whole (4, p. 46). In the early 1970s, mesothelioma cases accounted
for roughly 10% of all claims. This number had fallen to about 5% by
the late 1970s, remaining at about that level through the 1980s. Begin-
ning in the late 1980s, the percentage of mesothelioma cases fell even
further. Through the 1990s and continuing today, mesothelioma cases
account for only 3% to 4% of all asbestos-related claims. As noted
above, compensation received by mesothelioma claimants is typically
higher than that received by those with other asbestos-related claims.
While the mean award for asbestosis increased nearly fivefold from $1
million in 1999 to $5 million in 2001, the mean award for mesothelioma
claims rose dramatically as well. In 1998, the mean mesothelioma
verdict was $2 million. This number increased to over $6 million in
2001. Even though some of the staggeringly large awards may have
been reduced by remittitur or on appeal, they reverberate through 
the litigation generally and raise the overall costs of mesothelioma 
dramatically.
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Asbestos was so widely used in society that its effects were felt by
hundreds of thousands of people, who have relatively easy access to
the civil justice system. It is common for lawyers working in tandem
with unions and certain physicians to organize mass lung screenings
of workers for the purpose of collecting large numbers of plaintiffs.
Plaintiffs are also actively solicited through advertising and other
means. The Internet is filled with advertisements for mesothelioma
lawyers. Claimants are attracted to the system by the prospect of sub-
stantial recoveries. This phenomenon has been felt unevenly through-
out the country. As might be expected, large concentrations of cases
have occurred in areas where asbestos usage was more common, such
as in shipyards, power plants, and refineries. Concentration of cases
has also been affected by political, economic, and cultural factors. It has
been reported that the largest concentrations have occurred in the
states of California, Pennsylvania, New Jersey, and Illinois before 1988
and Mississippi, New York, West Virginia, Ohio, and Texas after 1998
(4, pp. 26, 36). Every case that is filed comes with numerous contestable
issues. Examples of such issues include whether the plaintiff was
exposed to the product of a particular defendant (the typical asbestos
plaintiff names an average of 60 defendants), whether the plaintiff’s
condition was specifically caused by that product, and whether the
disease of the plaintiff was caused by asbestos rather than some other
substance, such as tobacco. When the number of plaintiffs and defen-
dants is multiplied in any particular set of cases, the potential for dis-
putes is magnified exponentially. This gives rise to gridlock in the
judicial system. The courts do not have enough time or resources to
deal with every such issue in every case.

The crowding of dockets has given rise to various negotiating strate-
gies on the part of the participants in this process—strategies that are
usually managed by experienced law firms. It is a typical strategy of
the plaintiffs to collect as many cases as possible and to present the
system with demands for settlement in which individual analysis of
cases is subordinated to the imperative of the need for massive com-
pensation. Mesothelioma cases play an important role in this process,
since they are generally perceived as the more serious and thus eco-
nomically valuable cases. In cases where settlement does not occur and
the cases go to trial, it is typically the strategy of plaintiffs to load the
mix with serious cases with a view toward increasing the overall jury
award. It is also the strategy of the plaintiffs to focus on the reprehen-
sibility of corporate behavior in order to inflame the jury and inflate
the award. Plaintiffs often press for easy access to the system and for
trial. The typical strategy of the defendants, by contrast, is to focus on
the factors of the cases that are individual rather than on the factors
that are common. Defendants have tended to resist large consolidations
or class actions (especially for trial as distinguished from settlement)
and to be interested in a specific case-by-case inquiry into whether a
particular asbestos-containing product caused a particular injury in a
given plaintiff. Defendants are also resistant to easy access by the plain-
tiffs to the system and less anxious to try corporate behavior especially
in the context of punitive damages. The willingness of defendants to
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settle cases is often influenced by economic considerations, such as the
availability of insurance, predictability, and the general capacity to
“manage the flow.”

Transactional Costs

The contentious nature of the asbestos litigation system creates enor-
mous transactional costs. These include attorneys fees, expert witness
expenses, governmental and insurance resources, and many other
hidden costs. While estimates vary, it is generally agreed that over 50%
of the money in the system is consumed in transactional costs. The most
commonly cited statistic has been that of a RAND Corp. study in 1984
that estimated that 61% of monies paid to resolve asbestos claims were
spent on legal fees and expenses. The more recent 2002 RAND report
confirms that over 50% of all money spent on asbestos claims is con-
sumed by transactional costs (4, p. 60). The 1991 report of the Judicial
Conference Ad Hoc Committee on Asbestos Litigation concluded, “The
transaction costs associated with asbestos litigation are an uncon-
scionable burden on the victims of asbestos disease” (2, p. 13).

Judicial Management Techniques

Given the above dynamics, the form in which the judicial system
chooses to manage asbestos cases becomes very important. There has
been substantial controversy over this subject. In the early years of the
litigation, most cases were handled individually or in small groups. As
this became increasingly impossible, judges began to experiment with
various aggregative approaches. Cases grouped for trial became larger
and larger. Class action questions became more common. As the
numbers increased, efficiencies of scale were perceived in trying 
specific issues collectively rather than each individual case one by 
one. Thus, for example, a court might try the issue of corporate respon-
sibility or general causation generically over a large number of indi-
vidual cases. Some courts employed systems of bifurcation in which
liability was tried separately from damages. Many variations in these
styles of piecemeal litigation were developed in response to the 
dynamics of litigation in particular jurisdictions or the perceived
advantages of moving the greatest numbers of cases through the
system with the minimal of transactional costs. Frequently a judicial
management technique intended to streamline the system had the
opposite effect by encouraging the filing of more cases. As stated by
one commentator, “If you build a superhighway, there will be a traffic
jam” (9).

Notwithstanding these efforts, cases continued to overwhelm the
system. In 1991, the Judicial Conference Ad Hoc Committee on
Asbestos Litigation, chaired by Chief Justice William H. Rehnquist,
called for a legislative solution. In the event Congress did not act, the
Rehnquist committee suggested a backup plan of greater aggregative
approaches. In 1991, the Federal Judicial Panel on Multidistrict Litiga-
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tion consolidated all federal asbestos cases into one jurisdiction
(Philadelphia) for pretrial and some settlement proceedings (10). The
effect of this federal action has been somewhat offset by the resulting
practice of many plaintiffs in filing their cases in state courts where
there has been a greater perceived ability to obtain higher recoveries
and punitive damage awards. Some state courts have also ordered
massive consolidations or class actions. The movement toward greater
aggregation has been limited, however, by jurisprudential perceptions
of the system as requiring the trial of individual issues. For example,
in what was perhaps one of the most experimental aggregative
approaches of them all, a federal trial court in Texas consolidated
several thousand cases, tried what was perceived to be a representa-
tive sample, and extrapolated the results from the sample to the
remaining cases. This approach was rejected on appeal as inconsistent
with the nature of judicial power (11). Several United States Supreme
Court decisions rejected on technical grounds attempts to settle large
categories of cases (12,13). These disputes over the form of the litiga-
tion process, rather than the facts of individual cases, have added to
the transactional costs. Calls for federal legislative action have so far
gone unheard. Congressional reluctance to enter this fray may perhaps
be partially explained on grounds of fear of a federally financed bailout
(14). Lobbying efforts have increased in the wake of ever-increasing
number of bankruptcies and the spread of asbestos liability to main-
stream American companies, but no comprehensive legislative solution
seems imminent. The Senate Judiciary Committee held its most recent
hearing on asbestos litigation reform on September 25, 2002. However,
as of this writing, no action has been taken by the committee.

Medical Expert Witnesses

Medical expert witnesses play an important role in asbestos litigation.
As might be expected in an adversary system of litigation, lawyers tend
to seek out experts who are perceived to be helpful to their own side
in a particular case. Excessive partisanship, however, is normally some-
what restrained by the opportunity for cross-examination and the
desire to appear credible before judges and juries. Physicians who
appear frequently as expert witnesses are well known to experienced
attorneys. They are tracked by various publications and databases, 
and the transcripts of testimony given in previous cases are readily 
available.

Notwithstanding these governing devices, there have been problems
experienced in the use of expert witnesses. Physicians have been instru-
mental in the process of assembling large numbers of cases of individ-
uals asserted to be suffering from asbestos-related disease. There have
been abuses in situations where the physician’s compensation was
related to the number of plaintiffs produced. A judicial experiment 
utilizing court-appointed rather than privately retained experts
resulted in a dramatic decline in the incidence of findings of asbestos-
related disease (15). More generally, there has been a reaction in the
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courts against the excessive use of experts utilizing dubious scientific
methodology or “junk science”—a reaction epitomized in the U.S.
Supreme Court case of Daubert v. Merrel Dow Pharmaceuticals (16).
The former laissez-faire attitude of the courts has given way to what 
has been termed a “gatekeeping” role in which judges are often quite
active in screening out medical expert testimony deemed to be 
unscientific.

Punitive Damages

Punitive damages are one of the most controversial economic aspects
of asbestos litigation. Punitive damages are awarded to a plaintiff in
addition to compensatory damages. Their purpose is punishment and
deterrence. Given the well-developed evidence of corporate miscon-
duct on the part of some defendants in the earlier years, it is not diffi-
cult to argue a punitive damages case to a jury, and such arguments
often have great populist appeal (e.g., “send a message” to the corpo-
rate boardroom). Such damage awards can be quite high. The effect of
such awards far transcends their imposition in a single case. The fear
of punitive damages induces defendants to settle cases at a premium.
A single mass consolidation accompanied by punitive damages can be
a “bet the company” type of case and can create enormous pressure to
settle.

Another problem is the multiple imposition of punitive damages for
a single course of conduct. The punitive damage–inducing conduct on
the part of certain corporate defendants occurred generations ago and
took place only once, although its effect was felt by many people. When
those many people file lawsuits years later, each claims the same enti-
tlement to punitive damages. To the extent these claims are successful,
the defendant may be ordered to pay many times over for the same
conduct. Numerous courts and commentators have expressed frustra-
tion with this phenomenon on the grounds that it prematurely exhausts
resources that would otherwise be available for the satisfaction of
future compensatory damages awards (17). So far, however, there 
has been mixed success at curtailment of these practices. Some courts
have finessed the problem by indefinitely deferring claims for punitive
damages until all compensatory damage obligations are satisfied.

Abatement of Asbestos in Buildings

Economic impacts are also felt in various measures of asbestos abate-
ment and the resulting property damage litigation. When the dangers
of asbestos became known, many building authorities required abate-
ment measures of various kinds. Buildings, such as the World Trade
Center and many of the nation’s public schools, were forced to take
abatement measures. Sometimes there were disputes over the appro-
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priateness of certain abatement measures or whether the conditions of
certain “sick buildings” were due to asbestos or other contaminants.
As in the case of personal injury, the defendants facing such liabilities
turned to their insurance carriers with predictable disputes. There were
also significant transactional costs, albeit less than in the area of per-
sonal injury.

The Creation of Industries

The activity involved in handling these disputes has spawned a virtual
industry associated with asbestos litigation. At the apex of this indus-
try are the plaintiffs’ attorneys. While thousands of attorneys handle
asbestos litigation, there are a relatively small number of influential
lawyers and law firms that have been very successful and have devel-
oped national or regional reputations. Asbestos cases are generally
handled on a contingency-fee basis with such fees constituting a sub-
stantial part of the recovery. These fees can become extremely high
when spread over a major recovery in thousands of cases. For example,
it has been estimated that in one mass consolidation of asbestos cases
in Baltimore, the attorneys’ fees from settlements alone were $120
million to $125 million and that the total was expected to rise to $300
million after trial (18). One commentator has estimated that plaintiffs’
lawyers’ effective rates of return expressed on an hourly basis in
asbestos cases range from $1000 to $5000 per hour, and in cases of mass
consolidations, hourly rates have been $50,000 per hour, with total fees
ranging from $200 million to $500 million or more (19). The assets accu-
mulated by some lawyers in these cases have allowed them to exercise
considerable political influence and to finance expansion into other
mass tort cases such as tobacco litigation. Defense attorneys are also a
significant part of the asbestos litigation industry. While they are typi-
cally paid by the hour rather than on a contingency fee basis, the
massive time and effort required to handle the litigation has generated
significant law firm revenues. Asbestos cases also require expert wit-
nesses, typically members of the medical profession. It is not unusual
for an experienced expert to command fees of thousands of dollars 
per day for expert testimony or consultation. Other experts include
economists, industrial hygienists, historians, epidemiologists, and an
almost infinite variety of other specialties, depending on the peculiar-
ities of a given case. Behind the front lines of the litigated cases, there
are many other people whose role is instrumental in the handling of
the asbestos problem and who are thus significant factors in its overall
economic impact. These include the management of corporate defen-
dants and insurance companies, the administrators of claims-paying
agencies, such as the Manville Trust, and various members of the judi-
cial branch and other governmental entities. There is also a small pub-
lishing and educational seminar industry that is devoted exclusively to
reporting on asbestos matters. Asbestos litigation has also given rise to
a substantial body of scholarly literature.
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The Destruction of Industries

The present and foreseeable future costs of asbestos litigation have led
a large number of companies to file for bankruptcy protection (4, p. 71).
The wave of bankruptcies began in the 1980s, with 16 firms filing for
protection. The number remained virtually the same through the 1990s,
with 18 bankruptcies reported through the decade. However, the
number of bankruptcies related to asbestos has recently accelerated.
There have been more filings since 2000, at least 22 through July 2002,
than there were in the 1970s and 1980s combined.

The recent RAND report estimated the amount of corporate invest-
ment and economic growth lost due to asbestos litigation (4, p. 74). It
determined that if the costs of asbestos litigation reach the predicted
$200 billion level, there will have been a $33 billion reduction in cor-
porate investment. This reduction in the investment level of large com-
panies has already resulted in the loss of an estimated 138,000 jobs and
will likely result in the loss of an additional 290,000 jobs in the future.
This loss of jobs has and will continue to have a major impact on the
economy as a whole.

The New Wave of Asbestos Litigation

One of the more interesting economic effects of the system in recent
years is the so-called new wave of asbestos litigation involving unim-
paired plaintiffs and peripheral defendants. Since most asbestos-
containing products were banned from the marketplace a generation
ago, it had been predicted that the incidence of asbestos-related disease
would decrease and that the claims would accordingly decline. These
predictions have not come to pass. The volume of new asbestos cases
today is actually increasing (4). To some degree, this is probably a
product of lawyer solicitation. It is also, however, a product of the fact
that many individuals have radiographic markers of asbestos exposure
but may never become symptomatic or impaired. According to Con-
gressional testimony in 1999, experts have projected that 50% to 80%
of the current claims are filed by individuals with no impairment (20).
In some jurisdictions, the claims of these individuals are deferred. In
others, however, they are encouraged by statutes of limitations and
policies that recognize their compensability or that permit claims for
fear of cancer or for medical monitoring.

As the number of claims are holding steady or increasing, the
number of traditional defendants left standing who have escaped
bankruptcy has dramatically declined. This has forced plaintiffs’ rep-
resentatives to expand the universe of potentially responsible defen-
dants and to bring actions against entities whose connection to asbestos
has been peripheral. Over 6000 companies have been named as defen-
dants in asbestos cases (4, p. vi). Examples include companies in the
textile, pulp and paper, food, automotive, and energy industries. Well-
known corporate defendant names include Chiquita Brands, General
Electric, Sears & Roebuck, Georgia Pacific, Dow Chemical, Ford,
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General Motors, and Daimler Chrysler. According to the recent RAND
study, more than 1000 American corporations have been made asbestos
defendants, and these companies are scattered across 75 of the 83
industrial categories used by the Department of Commerce (4, p. 50).
The employees, retirees, and shareholders of these companies are
affected by this asbestos liability. The economic impact of this new
wave of asbestos litigation has yet to be fully felt.

Conclusion

Asbestos litigation is the longest running mass tort in United States
history. Mesothelioma is its most conspicuous type of case. The eco-
nomic aspects of these phenomena have had a major effect on the
American economy.
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staging, 402–413, 408–413, 447
staging, clinical of, 408–413
staging history of, 402–403
statistical extrapolation and,

277
stroma in, 168–177
supportive care treatment of,

593–594
survival, 217
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