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Preface

The problem of tumor diseases originating from the mesothelium covering the pleura,
peritoneum, pericardium and testicular membranes, is of great scientific and practical
interest. And in the last decade alone, this problem has taken on an even greater
significance within the medical community. This is because in recent years, there has
been a significant increase in the mesothelioma morbidity in most of the countries, the
peak frequency is expected in 2010-2022 which is attributable with the further
industrialization of society. The morbidity and mortality from the mesotheliomas
increase among smokers in particular. Currently there is no doubt that the
mesothelioma affects the pleura most often, at least - the peritoneum and pericardium,
and even more rarely — the testicular membranes; it is mainly encountered in old age
with some predominance in males. However, it is observed in young males and even
children.

Nevertheless, the etiology and pathogenesis of mesotheliomas are unknown until the
end and these issues require of further study using modern methods of investigation.
In addition, the question of mesotheliomas has so far not developed systematically in
the literature. As such, it is necessary to the creation of national centers for pathology
who could fill the gap (Zubritsky, 2010. Multiple primary tumors. Bibliographical
index of Russian and foreign literature. Kalina, ISBN 978-5-212-01122-8, Moscow).

This book has been written by several contributors from around the world - each with
considerable, specialist experience and expertise in mesotheliomas. It differs from the
previously published texts in that it includes - first and foremost - new advances in
therapy of mesotheliomas in the light of the latest literature on the subject. In addition,
this book is perhaps one of the very first published about stem cells in mesotheliomas,
and provides new and interesting facts regarding the development of mesotheliomas
in domestic animals within veterinary practice.

The book covers all aspects of the various types of mesotheliomas in the organ, tissue,
cellular and subcellular levels using immunohistochemical, biochemical and molecular
research methods in humans, domestic animals and in experimental models. Each of
the book's 14 chapters have been grouped under various sections such as: molecular
pathogenesis of malignant pleural mesothelioma, stem cells and mesothelioma,
radiologic evaluation of malignant pleural and peritoneal mesothelioma, primary
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malignant pericardial mesothelioma, testicular mesothelioma, para- and intratesticular
aspects of malignant mesothelioma, mesothelioma in domestic animals: cytological
and anatomopathological aspects, immuno-oncology and immunotherapy, the role of
immunotherapy in the treatment of mesothelioma, connexin 43 enhances the cisplatin-
induced cytotoxicity in mesothelioma cell, cisplatin resistance in malignant pleural
mesothelioma, the impact of extracellular low pH on the anti-tumor efficacy against
mesothelioma, the central role of surviving in proliferation and apoptosis in malignant
pleural mesothelioma, why anti-energetic agents such as citrate or 3-bromopyruvate
should be tested as anti-cancer agents: experimental in vitro and in vivo studies.

Many issues are widely covered in mesotheliomas aforementioned monographs.
However, despite the fact that rapid developments have increased and dramatically
advanced our understanding of mesotheliomas in recent years, it is important to be
mindful of the already-significant achievements made in this field to date in order to
enable us to fully appreciate the advances that have been- and continue to be made.

In this book an attempt has been made to provide the reader with several insights into
the findings of the various authors based on their own individual research. For
example, the chapters 1 and 2 are focused on the molecular mechanisms of
development of mesotheliomas in light of new ideas, which in future will undoubtedly
affect future therapeutic treatment strategy of mesothelioma patients that will in turn
provide a powerful capacity for the formulation of the standard systemic treatment of
such patients using the new anticancer agents. A retrospective analysis using a
computed tomography and magnetic resonance imaging in patients with pleural and
peritoneal mesothelioma is presented in chapter 3. Epidemiology, clinical picture,
diagnosis, treatment and prognosis in patients with malignant pericardial
mesothelioma are summarized in chapter 4. All the aspects of the testicular
mesotheliomas with the use of the immunohistochemical markers in chapters 5 and 6
are reflected. Mesotheliomas in domestic animals, investigated at the organ, tissue and
cellular levels, and included in the chapter 7, are of an extraordinary interest in terms
of veterinary practice and the rarity of such observations. Particular emphasis is
placed on the new valuable achievements in the field of cancer therapy and, in
particular, of mesotheliomas, as detailed in the last seven chapters that deal with the
prospective role of immuno - and chemotherapy using new chemotherapeutic agents
in their various combinations in the treatment of mesothelioma patients with positive
effect.

The book is designed for a wide range of practical doctors in various specialties and
medical students. I should also hope that the publication will be greeted with great
interest and will be useful primarily to oncologists in various fields. Finally of this
preface I feel it is my duty to express the deep gratitude to all the staff of the
Publishing House InTech, and most notably Ms. Ana Nikolic, Head of Editor Care and
Support Department, Mr. Vedran Greblo, Publishing Process Manager, and Mr. Oliver
Kurelic, Publishing Process Manager for the persistent business and good relations
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and for the technical advisory assistance in the work on the release of this book, as
well as a special thanks to the team of authors who contributed their chapters to share
with readers within the wider medical and scientific community.

Alexander Zubritsky MD, PhD,
Book Editor, Moscow,
Russian Federation
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Molecular Pathogenesis of Malignant
Pleural Mesothelioma

Philip A. Rascoe, Xiaobo X. Cao and W. Roy Smythe
Texas A&M Health Science Center College of Medicine,
Scott & White Memorial Hospital & Clinic,

Olin E. Teague Veterans’ Medical Center
USA

1. Introduction

Malignant mesothelioma is a rare, highly aggressive cancer which arises from the
mesothelial cells which form the lining of the pleural, and less frequently the peritoneal
cavities. Malignant pleural mesothelioma (MPM) is an emergent neoplasm, as it was rarely
diagnosed prior to the middle of the 20th century. The incidence has risen steadily since
1970, and there are currently an estimated 3000 new cases per year in the United States. The
peak incidence of mesothelioma may have occurred in the United States during the past
decade, and the peak incidence in much of the developed world is expected to occur in the
next 10-20 years. These data are thought to reflect the widespread occupational asbestos
exposure in the Western world from the 1940s to the 1970s, as well as the inherent latency
period of approximately 30 years between asbestos exposure and disease manifestation
which is typical of MPM. Approximately 80% of mesothelioma cases can be directly
attributed to asbestos fiber exposure. Additional suspected causes or co-carcinogens include
other mineral fibers such as erionite, simian virus 40 (5V40), and radiation (Robinson and
Lake 2005). Moreover, a mesothelioma epidemic in Turkey has demonstrated a likely
genetic predisposition to mineral fiber carcinogenesis (Carbone, Emri et al. 2007).

Mesothelioma arises from multipotential mesothelial cells which are capable of
differentiating into epithelial, sarcomatoid, or biphasic (mixed) neoplasms. There is lack of
consensus on a staging system for MPM, however, most patients present with advanced
disease. Advanced age, poor performance status, male sex, and sarcomatoid histologic
subtype are all poor prognostic factors. Despite modest advances in clinical treatment, the
mean overall survival for patients with MPM is approximately 12 months (Ducko and
Sugarbaker 2008). There is also lack of consensus regarding treatment of MPM. Suitable
surgical candidates with disease limited to one hemithorax may undergo surgical resection
via extrapleural pneumonectomy (EPP) or pleurectomy/decortication (P/D) as part of a
multimodality treatment approach. Radiation therapy alone is generally ineffective due to
the large volume of primary tumor and its proximity to vital mediastinal structures.
However, radiation therapy, particularly intensity-modulated radiation therapy (IMRT), has
been demonstrated to reduce local recurrence following resection by EPP (Rice, Stevens et
al. 2007). Historically, chemotherapy response rates have been less than 20%. However,
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improved response rates of 41% have been demonstrated with the addition of the folate
antimetabolite pemetrexed (Vogelzang 2003). Highly selected patients appear to benefit
from trimodality therapy consisting of aggressive surgical debulking followed by adjuvant
radiation and chemotherapy (Sugarbaker, Flores et al. 1999). Failure of conventional
therapies has led to interest in novel treatment approaches including intrapleural
administration of immunotherapy and gene therapy, as well as intraoperative adjuncts such
as intrapleural chemotherapy and photodynamic therapy (Friedberg, Mick et al. 2011;
Vachani, Moon et al. 2011).

Studies of human cell lines and tissues as well as animal models of MPM have
demonstrated genetic and epigenetic events which contribute to the multistep process of
mineral fiber carcinogenesis. These events include inactivation of tumor suppressor genes,
modulation of signal transduction pathways including receptor tyrosine kinases (RTKs),
avoidance of apoptosis, and inhibition of the ubiquitin-proteosome degradation pathway.
This chapter will focus on the molecular pathogenesis of malignant mesothelioma.
Preclinical and clinical trials of targeted therapies such as tyrosine kinase, histone
deacetylase, and proteosome inhibitors will be included in the discussion.

2. Etiology of mesothelioma
2.1 Asbestos

The vast majority of cases of mesothelioma can be linked in some fashion to asbestos
exposure. Materials utilizing asbestos fibers have been present since ancient times. In fact,
the word asbestos is derived from a Greek term meaning inextinguishable or unquenchable,
a reference to its fire-resistant properties. It was these heat-resistant and insulating
properties which made asbestos a valuable commodity, particularly as the industrial
revolution began. In the United States, mining and subsequent use of asbestos increased
steadily during the first half of the twentieth century, escalated rapidly following World
War II, and peaked in 1973, after which it precipitously declined (Figure 1). Asbestos refers
to a group of crystalline-hydrated silicate minerals which occur in one of two forms:
serpentine and amphibole. Chrysotile is the only serpentine asbestos, and exists as a long,
curly, and pliable fiber most suitable for making fabrics. Amphibole fibers are short,
straight, and stiff, and have been used to make pipes and tiles. The major commercial
amphiboles are amosite, crocidolite, and anthophyllite. Mixtures of chrysotile and
amphiboles were used to produce an array of roofing, insulation, and fire-proofing
materials. Evidence exists that all asbestos fiber types may demonstrate pulmonary toxicity
in a dose-dependent fashion. Moreover, all fiber types possess carcinogenic potential,
however, exposure to amphibole fibers is more likely to cause mesothelioma than chrysotile
fibers (Cugell and Kamp 2004).

The pulmonary hazards of asbestos exposure, including asbestosis and bronchogenic
carcinoma, were recognized and published by physicians in the early twentieth century.
However, the link between asbestos exposure and mesothelioma was not established until
1960, when Wagner reported 33 cases of pleural mesothelioma occurring in a relatively short
time period in an area of South Africa where crocidolite was mined (Wagner, Sleggs et al.
1960). In 1964, Selikoff and colleagues reported on the link between asbestos exposure and
thoracic neoplasia (bronchogenic carcinoma and mesothelioma) in New York-area
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insulation workers in a variety of industries, including shipbuilding (Selikoff, Churg et al.
1964). Subsequently, this group reported mesothelioma as the cause of 10 of 307 consecutive
deaths among these same workers, concluding that mesothelioma was indeed a
complication of relatively light and intermittent (occupational) exposure to asbestos,
including chrysotile, which was the dominant fiber in American industry at the time
(Selikoff, Churg et al. 1965).
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Fig. 1. Asbestos production and mesothelioma incidence: asbestos production in the United
States in the last century and mesothelioma incidence from 1980 projected to 2055.
Reprinted from Cugell, D. W. and D. W. Kamp (2004). "Asbestos and the pleura: a review."
Chest 125(3): 1103-1117, with permission.

While smoking cigarettes has been proven to increase the likelihood of developing
bronchogenic carcinoma in individuals exposed to asbestos, mesothelioma is not associated
with smoking. It is also interesting that while most cases of mesothelioma are associated
with asbestos exposure, only a small minority (approximately 5%) of exposed individuals
develop mesothelioma (Gazdar and Carbone 2003). Asbestos exposure induces benign
manifestations such as pleural effusion or plaques in some individuals, while causing
malignant mesothelioma in others. Obviously, other etiologic factors, including genetics,
play a role in mesothelioma pathogenesis.

2.2 SV40

SV40 is a polyoma virus of monkey origin which has been identified in a number of human
tumors. SV40 contributes to the transformation of human cells by perturbing several
intracellular pathways, including disabling the p53 and retinoblastoma (Rb) tumor
suppressor pathways. In the 1960s, SV40 was found to be a contaminant in poliovirus
vaccines which were prepared in primary cultures of rhesus monkey kidney cells.
Contaminated vaccines were administered to children and adults in many countries
including the United States. In fact, in the U.S. prior to 1963, approximately 90% of children
and 60% of adults received at least one contaminated vaccination. The prevalence of SV40
infections in humans is not known. However, indirect evidence of widespread distribution
of SV40 throughout the human population exists in that SV40-positive tumors have been
detected throughout the world except in countries that reportedly did not use SV40-
contaminated vaccine (Gazdar, Butel et al. 2002).
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The human tumors most frequently found to have SV40 sequences are brain and bone
tumors, lymphoma, and malignant mesothelioma. SV40 is also a potent oncogenic virus in
rodents, and a similar spectrum of tumors is induced in hamsters following viral
inoculation. In fact, the incidence of mesothelioma is 100% in hamsters following
intrapleural inoculation. Human mesothelial cells contain high endogenous levels of p53
and are unusually susceptible to SV40-mediated transformation, with asbestos acting as a
co-carcinogen. Despite powerful evidence regarding the biologic effects of SV40 in
mesothelial cells, considerable skepticism exists within the scientific community regarding a
causal relationship between the presence of SV40 viral sequences and development of
mesothelioma (Gazdar and Carbone 2003).

2.3 Genetic predisposition: The cappadocia epidemic

In 1978, an unprecedented epidemic of mesothelioma was discovered in three villages
located in Cappadocia, Turkey. Mesothelioma accounts for >50% of all deaths in these
villages. Mineralogic studies of the volcanic rock in these villages demonstrated the
presence of a fibrous mineral called erionite which shares some physical properties with
crocodolite. Curiously, large erionite deposits are present in other parts of the world,
including the western United States, but had never been associated with development of
mesothelioma in these regions. The mesothelioma epidemic in Cappadocia was initially
linked solely to exposure to erionite contained in the stones used to build houses in the
region. However, construction and examination of careful pedigrees demonstrated that
mesothelioma occurred in certain families but not in others. Studies have confirmed that the
cause of the mesothelioma epidemic in Cappadocia is genetic predisposition to erionite-
induced carcinogenesis which is transmitted in an autosomal dominant fashion (Carbone,
Emri et al. 2007).

3. Molecular pathogenesis of mesothelioma

The mechanisms whereby inhaled asbestos fibers induce pleural disease, including
mesothelioma, are diverse and likely multifactorial. The traditional explanation includes
migration of fibers from the airway, through the visceral pleura, and eventual uptake from
the parietal pleura. Alternative routes of fiber translocation to the parietal pleura include
lymphatic and hematogenous dissemination (Cugell and Kamp 2004). There are several
features of asbestos fibers which contribute to their carcinogenicity, including chemical
composition, fiber length and form, and their biopersistence. Local responses to these
characteristics include frustrated phagocytosis of fibers, generation of reactive oxygen and
nitrogen species which may be genotoxic, initiation of inflammatory mechanisms,
stimulation of growth factors and their receptors, and initiation of signal transduction
pathways which stimulate proliferation and avoidance of apoptosis (Godleski 2004).

3.1 Chromosomal alterations

Allele loss, with subsequent loss of heterozygosity (LOH) at tumor suppressor loci, is a
common occurrence in oncogenesis. Mutations and deletions of the p53 and pRb tumor
suppressor pathways are prominent features in many human malignancies; however, p53
and pRb remain genetically intact in most mesotheliomas (Lee, Raz et al. 2007). Gene copy
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number alterations are present in mesothelioma. Common chromosomal regions of allele
loss include 1p, 3p21, 6q, 9p21, 15q11-15, and 22q (Zucali, Ceresoli et al. 2011). Homozygous
deletion of the 9p21 region is frequently present in mesothelioma cell lines and tumor
specimens. Loss of 9p21 results in loss of the INK4a/ARF locus, which encodes two distinct
proteins, pl16INK4a and pl4ARF, translated from alternatively spliced mRNA. p16INK4a
inhibits the cyclin-dependent kinase (CDK)-mediated inactivation of pRb. p14AREF stabilizes
p53 through its actions on Mdm?2. As the INK4a/ARF locus plays an important role in the
activity of both the p53 and pRb tumor suppressor pathways (Figure 2), a single mutational
event may lead to the functional loss of both of these two key regulatory pathways (Lee, Raz
et al. 2007).
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Fig. 2. The role of the INK4A /ARF locus in the regulation of the pRb and p53 tumor
suppressor pathways. Reprinted from Lee, A. Y., D. ]. Raz, et al. (2007). "Update on the
molecular biology of malignant mesothelioma." Cancer 109(8): 1454-1461, with permission.

3.2 Bel-XL and resistance to apoptosis

Conventional chemotherapeutic agents and radiation therapy have been shown to exert
their cytotoxic effects by inducing apoptosis via the mitochondrial (intrinsic) pathway
(Figure 3). Alterations in expression levels of genes and proteins that regulate this pathway
of programmed cell death occur frequently in tumor cells. These alterations favor
inappropriate cell survival via increased expression of anti-apoptotic proteins. This in turn
may lead to resistance to chemotherapeutics and radiation, as these therapies utilize
apoptosis as a final common death pathway (Mow, Blajeski et al. 2001). Apoptotic resistance
is therefore not only a hallmark of cancer but also a key mechanism of treatment failure
(Hanahan and Weinberg 2011).
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Fig. 3. The apoptotic pathway to cell death from the perspective of the Bcl-2 family of
proteins. 1, The intrinsic pathway is initiated by various signals, principally extracellular
stimuli. 2, The extrinsic pathway is activated by Fas ligand or TRAIL, subsequently
activating caspase-8. Caspase-8 transforms Bid into truncated Bid. In addition, caspase-8
initiates a cascade of caspase activation. 3, BH3-only proteins (Bim, Bid, Bad, Noxa, Puma)
engage with anti-apoptotic Bcl-2 family proteins to relieve their inhibition of Bax and Bak to
activate them. 4, Next, Bax and Bak are oligomerized and activated, leading to
mitochondrial outer membrane permeabilization. 5, Once mitochondrial membranes are
permeabilized, cytochrome c and/or Smac/DIABLO is released into the cytoplasm, wherein
they combine with an adaptor molecule, apoptosis protease-activating factor 1, and an
inactive initiator caspase, procaspase-9, within a multiprotein complex called the
apoptosome. Smac/DIABLO inhibits inhibitors of apoptosis proteins to activate caspase-9.
6, Caspase-9 activates caspase-3, which is the initiation step for the cascade of caspase
activation. Intrinsic and extrinsic pathways converge on caspase-3. Bcl-2 family proteins are
also found on the endoplasmic reticulum and the perinuclear membrane in hematopoietic
cells, but they are predominantly localized to mitochondria. Reprinted from Kang M H,
Reynolds C P Clin Cancer Res 2009;15:1126-1132, with permission.
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The Bcl-2 family consists of 23-25 genes coding for proteins that, in conjunction with other
constituents of programmed cell death pathways, regulate apoptotic homeostasis. The
longer splice product of the bcl-x gene (located on the short arm of chromosome 20, 20pter-
p12.1), Bcl-XL, is an important anti-apoptotic member of the family and is over-expressed in
several solid tumors including malignant mesothelioma (Cao, Littlejohn et al. 2009). The
physiological role of anti-apoptotic proteins is to prevent apoptosis by inhibiting release of
soluble mitochondrial intermembrane proteins such as cytochrome ¢ and DIABLO into the
cytoplasm. The release of these proteins leads to caspase activation. Interactions of the
various members of the Bcl-2 family have been revealed to be more complex than originally
thought, but the role of BAX/BAK as effectors of mitochondrial membrane permeability
remains central. The exact mechanism by which BAX/BAK affects membrane permeability
is not completely understood, but it is known to involve membrane incorporation of these
proteins, as well as autodimerization and interaction with VDAC proteins(Kim, Rafiuddin-
Shah et al. 2006; Youle and Strasser 2008). Anti-apoptotic proteins such as BCL-XL act by
sequestration of BAX/BAK “activator” proteins tBID, BIM and PUMA. This activity is
antagonized by the interaction of “inactivator” proteins such as BIK, NOXA, and BAD with
Bcl-XL. When challenged with pro-apoptotic stimuli in a wide variety of human tumor cell
lines, Bcl-XL is at least as potent as Bcl-2 in prevention of apoptosis. In systems where Bcl-2
and Bcl-XL have been alternatively and co-over-expressed, Bcl-XL is more important to
prevention of apoptosis.(Huang, Cory et al. 1997). Although there is significant homology
between Bcl-2 and Bcl-XL, Bcl-XL has proved to be uniquely important in human disease,
and has been the focus of our studies in mesothelioma, in which Bcl-2 is not typically
overexpressed. Our laboratory has demonstrated the therapeutic potential of Bcl-XL down-
regulation and functional inhibition both in vitro and in pre-clinical models of
mesothelioma. In combination therapies, these models have proven successful in helping to
overcome resistance to conventional chemotherapy.

Increased expression of pro-apoptotic members of the Bcl-2 family should favor
programmed cell death in the presence of an appropriate stimulus. In fact, transduction of
mesothelioma cell lines with an adenoviral vector containing the pro-apoptotic protein
BAK induces decreased cellular viability and increased apoptosis in vitro (Pataer, Smythe
et al. 2001). Antisense oligonucleotide (ASO) therapy directed at Bcl-XL mRNA has been
shown to chemosensitize a number of tumor cell types, including mesothelioma. ASOs
directed at Bcl-XL mRNA were utilized in vitro to down-regulate Bcl-XL protein
expression, decrease viability, and engender apoptosis in human mesothelioma cell lines
(Smythe, Mohuiddin et al. 2002). Furthermore, exposure of human mesothelioma cells to
Bcl-XL ASOs in vitro was demonstrated to sensitize them to the conventional
chemotherapeutic agent cisplatin in a synergistic manner (Ozvaran, Cao et al. 2004).
Finally, the combination of Bcl-XL ASO and cisplatin was demonstrated to reduce the
growth of established flank tumor xenografts in mice as well as extend survival in an
orthotopic xenograft mouse model of mesothelioma (Littlejohn, Cao et al. 2008). Similar
results have been obtained utilizing small interfering RNA (siRNA)-induced inhibition of
Bcl-XL rather than antisense oligonucleotides.

Pharmacological agents that neutralize the functions of anti-apoptotic Bcl-2 family
proteins have emerged as a promising new class of anti-cancer agents. These direct
inhibitors of Bcl-XL function have a number of theoretical advantages over ASO and
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siRNA-based approaches, including facilitation of systemic delivery and cross reactivity
with other anti-apoptotic members. 2-methoxy antimycin A3 is a small molecular ligand
which inhibits binding of pro-apoptotic family members such as BAK by occupying the
binding cleft of Bcl-XL and Bcl-2. Treatment of mesothelioma cell lines with 2-methoxy
antimycin A3 results in apoptotic cell death without altering Bcl-2 family protein
expression. Furthermore, co-adminstration of 2-methoxy antimycin A3 and cisplatin
results in synergistic inhibition of tumor growth in an in vivo mesothelioma tumor model
(Cao, Rodarte et al. 2007). Pharmacologic inhibitors of antiapoptotic Bcl-2 family members
continue to undergo further refinement and have shown promise in a number of tumor
types, including mesothelioma.

3.3 Histone Deacetylase Inhibitors (HDACI)

Histones are a family of proteins that serve as structural and regulatory components of
chromatin. The fundamental complex of chromatin is the nucleosome, which consists of 146
base pairs of DNA wrapped around an octamer of histone subunits (Marks, Miller et al.
2003). Histone acetylation, regulated by histone acetyltransferases (HAT) and histone
deacetylases (HDAC), affects the relative condensation of chromatin. In short, when
histones are acetylated, chromatin is decondensed, and DNA is available for transcription.
Histone deacetylases facilitate chromatin condensation, preventing transcription of genes
which include tumor suppressors (Zucali, Ceresoli et al. 2011). In addition to effects on
histone proteins and the structure of chromatin, histone deacetylase inhibitors (HDACi) also
modulate the acetylation of nonhistone proteins such as transcription factors. This
ultimately leads to a number of biologic effects such as promotion of apoptosis, cell cycle
inhibition, and inhibition of angiogenesis (Paik and Krug 2010).

Sodium butyrate is a histone deacetylase inhibitor known to alter Bcl-2 family gene expression
in a variety of tumor types. Exposure of mesothelioma cell lines to sodium butyrate leads to
decreased mRNA transcription and protein expression of Bcl-XL as well as induction of
apoptosis (Cao, Mohuiddin et al. 2001) In a subsequent study, cellular death and apoptosis of
mesothelioma cell lines were augmented by the combination of sodium butyrate with
proapoptotic gene therapy, namely adenoviral transfer of the proapoptotic Bcl-2 family
members BAX and BAK (Mohiuddin, Cao et al. 2001). Similar in vitro effects have been
demonstrated in mesothelioma utilizing the HDACi suberoylanilide hydroxamic acid (SAHA,
Vorinostat). Others have demonstrated a synergistic response between HDACi and combination
chemotherapy in mesothelioma. Treatment with valproic acid, another known HDACI], in
combination with pemetrexed and cisplatin led to complete suppression of epithelioid
mesothelioma growth in a mouse xenograft model (Vandermeers, Hubert et al. 2009).

An increasing amount of preclinical data demonstrating the utility of histone deacetylase
inhibition in vitro and in mouse xenograft models has led to early phase clinical trials in
patients with mesothelioma. Based on compelling evidence from two phase I trials
involving mesothelioma patients who received Vorinostat, a multicenter, randomized,
placebo-controlled phase III trial of Vorinostat in patients with advanced mesothelioma has
been initiated. Patients who have progressed or relapsed following treatment with
pemetrexed and platinum therapy are randomized 1:1 to receive Vorinostat or placebo. This
study is ongoing (Paik and Krug 2010).
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3.4 Receptor Tyrosine Kinases (RTKs)

Peptide growth factors are important in maintaining tumor cell viability, particularly in the
face of apoptotic stimuli. These growth factors are well known to induce intracellular signal
transduction pathways such as the phosphoinositide-3 (PI-3) kinase and mitogen-activated
protein (MAP) kinase pathways through their interaction with specific cell surface
transmembrane receptor tyrosine kinases (RTKs). Several growth factors and their receptors
have been shown to play a significant role in the oncogenesis, progression, and resistance to
therapy of malignant mesothelioma. Among them, Epidermal Growth Factor (EGF),
Hepatocyte Growth Factor (HGF), Vascular Endothelial Growth Factor (VEGF), and Insulin-
like Growth Factor (IGF) have been shown to be targets for therapy based on promising
preclinical data (Villanova, Procopio et al. 2008).

3.4.1 Epidermal Growth Factor (EGF)

One of the most thoroughly studied targets in cancer therapeutics is the epidermal growth
factor receptor (EGFR) and its ligand, EGF. EGFR is well known to be overexpressed in
many human cancers, among them colon, breast, lung, and upper aerodigestive tract
malignancies. In 1990, Dazzi and colleagues found that 68% of mesothelioma specimens
stained positively for EGFR by means of immunohistochemistry and that EGFR positivity
was more common in the epithelial subtype (Dazzi, Hasleton et al. 1990). In studying the
immunohistochemical expression of EGFR and its ligand, transforming growth factor-alpha
(TGF-a), Cai and associates found that 76% of mesotheliomas expressed TGF-a, whereas
45% expressed EGFR, indicating the possibility of an EGFR autocrine loop (Cai, Roggli et al.
2004). EGFR expression has also been linked to asbestos exposure in tissue culture. SV40-
transformed human mesothelial cells exposed to asbestos fibers in vitro overexpress EGFR
compared with control cells and EGFR expression is related to increasing fiber length of
crocidolite asbestos (Pache, Janssen et al. 1998). Similar results have been obtained in vivo in
rat pleural mesothelial cells (Faux, Houghton et al. 2001). A preclinical study using gefitinib
(Iressa), an orally-bioavailable EGFR kinase inhibitor, demonstrated growth inhibition and
G1 cell-cycle arrest in four mesothelioma cell lines (Janne, Taffaro et al. 2002). EGFR kinase
inhibition led to apoptotic cell death via downregulation of PI-3 kinase/Akt signaling in
mesothelioma in vitro (Rascoe, Cao et al. 2005). Finally, gefitinib was noted to potentiate the
radiation response of mesothelioma xenografts in nude mice, with many animals
demonstating complete regression with no tumor regrowth (She, Lee et al. 2003).

Based on the aforementioned preclinical data, pharmacologic inhibition of EGFR was
thought to be a promising strategy in mesothelioma therapy. Moreover, the identification of
activating mutations in the kinase domain of EGFR as a biomarker of response to tyrosine
kinase inhibitor therapy in non-small cell lung cancer (NSCLC) patients was equally
promising (Lynch, Bell et al. 2004) (Paez, Janne et al. 2004). While activating mutations of
EGFR have been reported in patients with malignant peritoneal mesothelioma (Foster,
Gatalica et al. 2008; Foster, Radhakrishna et al. 2010), no such activating mutations of EGFR
have been discovered in patients with pleural mesothelioma, and the results of EGFR
inhibitors in phase II clinical trials have been disappointing (Velcheti, Kasai et al. 2009). The
Cancer and Leukemia Group B (CALGB) 30101 phase II trial enrolled 43 chemotherapy-
naive patients to receive 500 mg gefitinib (Iressa) daily. 3-month progression free survival
was 40%, which was not different than historical controls, and the authors concluded that
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single-agent gefitinib was not active in malignant mesothelioma. 97% of the patients in
CALGB 30101 who had EGFR expression scored by immunohistochemistry were found to
have high expression (Govindan, Kratzke et al. 2005). A Southwest Oncology Group
(SWOG) phase II trial enrolled 63 chemotherapy-naive patients to receive erlotinib
(Tarceva). Despite high EGFR expression in 75% of participants, only 42% of patients had
stable measurable disease, and the median progression-free survival of 2 months was
significantly lower than that observed with standard first-line chemotherapy (Garland,
Rankin et al. 2007).

Phosphatase and tensin analog (PTEN) is a tumor suppressor gene which has been localized
to chromosome 10q23. Loss of heterozygosity at 10923 has been demonstrated in a number
of tumor types, including mesothelioma. In a large tissue array study of clinical
mesothelioma samples, 62% demonstrated absent PTEN expression while 14%
demonstrated weak expression. Examination of clinical data from this cohort revealed that
loss of PTEN expression was an independent predictor of poor survival in mesothelioma
patients (Opitz, Soltermann et al. 2008). Our laboratory has previously demonstrated that
adenoviral gene transfer and forced overexpression of PTEN engenders apoptosis in
mesothelioma by Akt hypophosphorylation and decreased Akt kinase activity (Mohiuddin,
Cao et al. 2002). It has been hypothesized that loss of PTEN and resultant constitutive Akt
activation may explain the resistance seen with EGFR tyrosine kinase inhibitors, as they act
upstream of PTEN (Agarwal, Lind et al. 2011).

3.4.2 Hepatocyte Growth Factor (HGF)

Hepatocyte Growth Factor (HGF) is a multifunctional growth factor known to induce
cellular growth and proliferation, motility, and morphogenesis. HGF induces these
biological functions through binding to its transmembrane tyrosine kinase receptor, c-Met
(Zucali, Ceresoli et al. 2011). c-Met is overexpressed and activated in a majority of cases of
mesothelioma when compared to normal tissues. In addition, the circulating serum levels of
HGF are two-fold greater in mesothelioma patients as compared with healthy control
patients. Upon HGF stimulation and c-Met phosphorylation, the PI-3 kinase and MAP
kinase signal transduction pathways are activated in mesothelioma cell lines. Moreover, c-
Met small interfering RNA (siRNA) and a pharmacologic c-Met inhibitor (SU11274) are
effective in inhibiting cell growth and migration of these same cell lines (Jagadeeswaran, Ma
et al. 2006).

An association between c-Met and Bcl-XL levels in malignant tissues has been established.
In mesothelioma, the HGF/cMet axis appears to upregulate Bcl-XL expression at the
transcriptional level. Specifically, via activation of MAP kinases, members of the ETS family
of transcription factors are phosphorylated. This leads to nuclear importation of the factors
ETS-2 and PU.1, both of which increase Bcl-XL promoter activity in mesothelioma.
Conversely, the transcriptional repressor, Tel, is phosphorylated and exported from the
nucleus to the cytoplasm (Cao, Littlejohn et al. 2009).

3.4.3 Vascular Endothelial Growth Factor (VEGF)

Vascular endothelial growth factor is an essential regulatory component of physiologic
angiogenesis. Furthermore, its role in tumor pathogenesis, growth, and metastasis are well
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documented, and VEGF is overexpressed in most human malignancies. The effects of VEGF
are mediated through binding to two tyrosine kinase receptors: VEGFR-1, or Flt-1 (fms-like
tyrosine kinase-1), and VEGFR-2, or KDR/FIk-1 (kinase-insert domain receptor/fetal liver
kinase-1) (Villanova, Procopio et al. 2008).

Mesothelioma patients have higher serum levels of VEGF than normal controls and, in fact,
have higher VEGF levels than other solid tumor patients (Linder, Linder et al. 1998). VEGF
and its two receptors are expressed in mesothelioma cell lines, biopsy specimens, and
pleural effusions. VEGF levels in the pleural effusions of mesothelioma patients were 7-fold
higher than levels in effusions in patients with non-malignant disease. Moreover, linear
regression analysis has demonstrated an inverse correlation between serum VEGF levels
and survival in mesothelioma patients (Strizzi, Catalano et al. 2001).

A number of angiogenesis inhibitors directed at VEGF and its receptors have been
developed. The anti-VEGF monoclonal antibody bevacizumab (Avastin) has demonstrated
modest survival benefit and is approved for use in metastatic colorectal carcinoma and non-
small cell lung cancer. Unfortunately, despite the aforementioned promising preclinical
data, a phase II trial combining cisplatin and gemcitabine with and without bevacizumab in
unresectable, chemotherapy-naive mesothelioma patients yielded no differences in
progression-free or overall survival (Karrison, Kindler et al. 2007). A similar trial comparing
bevacizumab and placebo in patients receiving current first-line chemotherapy
(cisplatin/pemetrexed) is ongoing. Studies investigating several small molecule
pharmacologic inhibitors of VEGF receptor tyrosine kinases have demonstrated only modest
activity to date (Kelly, Sharon et al. 2011).

3.4.4 Insulin-like Growth Factors (IGF)

Insulin-like growth factors represent a family of peptides produced by various tissues
throughout the body. IGFs possess growth stimulatory activities similar to insulin and may
work in an autocrine, paracrine, or endocrine fashion. As such, IGF has been reported to be
an important growth factor in many tumor types. Both normal mesothelial and
mesothelioma cell lines express IGF-1 and IGF-1R mRNA, indicating the possibility of an
autocrine loop (Lee, Raz et al. 2007). An IGF-1 receptor antisense expression vector led to a
decrease in proliferation and tumorigenicity in a hamster mesothelioma cell line (Pass, Mew
et al. 1996). We observed increased IGF-1R expression in mesothelioma cell lines relative to a
transformed mesothelial line as well as decreased cellular viability and apoptosis in a
sarcomatous-type mesothelioma line following IGF-1R inhibition (Rascoe, Cao et al. 2005).
Others have demonstrated dose-dependent growth repression, inhibition of IGF-1R
phosphorylation, and decreased activity of downstream PI-3 kinase/ Akt and MAP kinase
signal transduction pathways following treatment with an orally bioavailable IGFR
inhibitor, NVP-AEW541 (Whitson, Jacobson et al. 2006).

3.5 Proteosome inhibitors

Investigation has revealed that the ubiquitin-proteosome pathway plays a key role in
regulating homeostasis of cellular proteins that involve cell cycle, survival, and apoptosis.
Therapeutically, targeting the proteosome with a specific inhibitor, bortezomib (Velcade),
has been successful in selectively inducing apoptosis in a variety of human cancer cells
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including mesothelioma. Bortezomib is a selective inhibitor of the 20S proteosome. Its
actions are pleiotropic and include inhibition of NF-kB activation by preventing degradation
of its inhibitor IkB (Zucali, Ceresoli et al. 2011). Inhibition of constitutively activated NF-kB
by bortezomib resulted in cytotoxicity and apoptosis in vitro and regression of
mesothelioma xenografts in mice (Sartore-Bianchi, Gasparri et al. 2007). Furthermore,
bortezomib potentiated the activity of pemetrexed and cisplatin in mesothelioma cell lines
(Gordon, Mani et al. 2008). Bortezomib is currently under investigation in a number of
mesothelioma trials, both as a single agent and in combination with chemotherapy. While
bortezomib is approved for the treatment of multiple myeloma, cellular resistance to
boretezomib-induced apoptosis may limit its successful application as a therapeutic agent in
this context (Richardson, Sonneveld et al. 2007). In vitro development of a bortezomib-
resistant mesothelioma cell line has demonstrated that evasion of the unfolded protein
response (UPR) and concomitant reduction in pro-apoptotic gene induction accounts for
resistance in bortezomib-adapted mesothelioma cells (Zhang, Littlejohn et al. 2010).

4. Conclusions and future directions

Despite modest advances in clinical treatment over the past decade, malignant pleural
mesothelioma remains a vexing clinical problem. The mean overall survival for patients
with MPM is approximately 12 months. Highly selected patients appear to benefit from
aggressive surgical debulking followed by intensity-modulated radiation therapy (IMRT) to
achieve local control of disease followed by systemic chemotherapy. Modest improvements
in the treatment of unresectable mesothelioma have been made utilizing combination
chemotherapy with cisplatin and pemetrexed. This combination is the current standard of
care in the adjuvant setting as well.

Studies of human cell lines and tissues as well as animal models of MPM have
demonstrated genetic and epigenetic events which contribute to the multistep process of
mineral fiber carcinogenesis. These events include inactivation of tumor suppressor genes,
modulation of signal transduction pathways including receptor tyrosine kinases (RTKs),
avoidance of apoptosis, and inhibition of the ubiquitin-proteosome degradation pathway.
Preclinical investigations of targeted therapies such as tyrosine kinase, histone deacetylase,
and proteosome inhibitors have been promising. However, randomized clinical trials
utilizing many of these same agents have been disappointing to date. Pharmacologic
inhibitors of anti-apoptotic Bcl-2 family members continue to undergo refinement, and there
is hope that they will emerge as a promising new class of anticancer agent. Preclinical data
suggests they could demonstrate therapeutic effect in a number of tumor types, including
mesothelioma.

Autophagy, a concerted process of intra-cellular breakdown within specialized double
membrane vesicles, occurs in response to events such as metabolic stress. It is an
evolutionarily conserved pro-survival mechanism, regulated downstream of MTOR in the
PI-3kinase/ Akt cell-survival pathway. While generally cytoprotective, excessive autophagy
results in a type of programmed cell death that is morphologically distinct from apoptosis
(Sinha and Levine 2008). It has been noted that, depending on context, autophagy can
augment either cellular demise or protection. Apoptosis and autophagy are not mutually
exclusive programmed cell death pathways, as evidenced by a specific physical interaction
between regulators of the two pathways: Beclin-1 (autophagy) and Bcl-XL (apoptosis). Bcl-
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XL has recently been determined to inhibit autophagy via a direct functional and physical
interaction with Beclin-1, a protein essential for the initiation of autophagy (Maiuri, Le
Toumelin et al. 2007). Beclin-1, characterized as a haploinsufficient tumor suppressor, is a
known cytosolic mediator of autophagy, and a recent addition to the BH3-only members of
the Bcl-family of proteins. These proteins govern intrinsic apoptosis, via selective interaction
with the BH3 binding pocket of Bcl-XL (Oberstein, Jeffrey et al. 2007). Autophagy is likely
important in response to toxic insults such as chemotherapy or irradiation, but its exact role
in the context of a growing solid tumor remains unclear (Degenhardt, Mathew et al. 2006).
Beclin-1 is known to promote cell survival in solid tumors via facilitation of autophagy, yet
has also been shown to suppress tumorogenicity (Degenhardt, Mathew et al. 2006;
Oberstein, Jeffrey et al. 2007). In malignant glioma cells, it has been shown that the anti-
tumor effect of temozolomide can be suppressed by inhibiting early autophagy, but that
inhibition of late autophagy enhances cytotoxicity (Kanzawa T 2008). Inhibition of
autophagy in radiation resistant cell lines of breast, lung, pharyngeal, and cervical cancers
resensitized them to radiation treatment (Apel, Herr et al. 2008). Thus, it is becoming clear
that a greater understanding of autophagy in the context of chemotherapy-induced
apoptosis within a growing solid tumor could add to our understanding of
chemotherapeutic response and development of resistance.

Ongoing studies in our laboratory have demonstrated that both apoptosis and autophagy
occur in malignant mesothelioma following histone deacetylase inhibition through mutually
exclusive processes. Autophagy appears to occur much earlier than apoptosis, suggesting
that autophagy may play a cytoprotective role in mesothelioma cells following cytotoxic
therapy, thus subverting their entry into the apoptotic pathway.
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1. Introduction

Stem cells are self-renewing cells with the potential to differentiate into other cell types.
Physiologically stem cells participate in hematopoiesis, wound healing, neuroregeneration,
and many other important biological processes. It has been hypothesized that stem cells
play a role in carcinogenesis. Although controversial, stem cell origin of cancers such as
breast and prostate carcinomas and glioblastoma have been reported (Al-Hajj, 2003; Collins,
2005; Singh, 2004). In addition, stem cells are reported to be in the tumor microenvironment
and potentially contribute to the tumorigenic process (Bergfeld & DeClerck, 2010). Such
findings offer potentially new targets for tumor therapy.

Mesothelioma is an aggressive neoplasm of the mesothelial cell layer of pleura, peritoneum,
pericardium and tunica vaginalis. Characterized by an aggressive disease course and
resistance to current multimodality therapies, mesothelioma needs to be better
characterized, including with an understanding of how stem cell biology and mesothelioma
pathogenesis intersect. There is evidence for both a stem cell origin of mesothelioma, and a
stem cell population in the mesothelioma tumor microenvironment. This review chapter
aims to outline the evidence that stem cell biology does indeed intersect with mesothelioma
pathogenesis, and that such findings offer important therapeutic targets for tumor therapy.

2. Stem cell origin of cancer

The concept of a stem cell origin of cancer was first described over fifty years ago as a small
subset of cells capable of re-initiating a clonal tumor, and the first cancer stem cell
population was identified in acute myeloid leukemia (Reya et al., 2001; Huntly & Gilliland,
2005). Cancer stem cells comprise only 0.01-1% of all cells in a tumor, but are capable of re-
initiating the tumor while the other cell types cannot. Methods used to define the cancer
stem cell vary, however at minimum require prospective selection by lineage; ability to re-
initiate tumors that resemble the original tumor in serial tumor xenotransplantation; and
display stem cell properties such as self-renewal and multipotential differentiation (Tang et
al., 2007). Moreover, these assays most likely underestimate the percentage of cells capable
of re-initiating tumor, given that xenotransplantation requires tumor re-initiation in a
foreign environment lacking the presence of other cell types that play a supportive role in
tumorigenesis (Adams & Strasser, 2008). Cancer stem cells are constituents of tumors that
are not only capable of re-initiating tumors, but also likely contribute to resistance to
therapy and metastasis. Recent evidence for a stem cell origin of solid tumors provides the
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impetus to explore such mechanisms of tumorigenesis in mesothelioma (Al-Hajj et al., 2003;
Collins et al., 2005; Singh et al., 2004).

It can be argued that a stem cell origin of mesothelioma would be consistent with the
pathogenic course of this tumor. Asbestos exposure is reported in over 80% of cases of
mesothelioma, and there is a latency period of several decades between exposure and
diagnosis. Asbestos does not appear to be a direct mutagen, rather, alveolar macrophages
undergo incomplete phagocytosis of the asbestos fibers and induce a chronic release of pro-
inflammatory mediators that create a potentially mutagenic environment. Is the pathogenic
time course and pro-inflammatory tumor microenvironment consistent with a stem cell
origin of mesothelioma?

In 1975 Cairns hypothesized that adult stem cells minimize genetic mutations with
asymmetric division that maintains an “immortal DNA strand” in the stem cell population,
and passes along any mutations to the daughter cell that will terminally differentiate
(Cairns, 1975). Therefore adult stem cells may have developed a protective mechanism
against persistence of mutations in the stem cell population. However a dividing stem cell
population under chronic mutagenic conditions such as the pro-inflammatory state in
asbestos exposure, may be susceptible to mutagenesis and eventual tumorigenesis. The
lengthy time course between asbestos exposure and development of mesothelioma may be a
reflection of the longer length of time required to overcome the protective mechanism
described by the Cairns hypothesis in stem cells (Browne, 1991). Although there is more
supportive than conclusive evidence for the Cairns hypothesis, it offers a compelling
explanation for a stem cell origin of mesothelioma.

3. Mesothelial progenitor and side population cells

Proliferative tissues such as skin and bone marrow are maintained by a stable population of
progenitor cells with self-renewing properties. Tumors are also proliferative tissues,
possibly maintained by a self-renewing cancer stem cell population. Therefore leukemia can
be viewed as a tumor maintained by a subset of bone marrow progenitor cells that have
tumor-initiating properties. Analogously, mesothelioma may be a tumor maintained by a
mesothelial progenitor cell population. Normal mesothelium consists of a single layer of
simple squamous mesothelial cells of mesodermal origin that function to maintain serosal
fluid production in order to provide a frictionless and protective surface for organ
movement. Mesothelial cells also participate in material transport across the serosal
membrane; and mediate regulatory inflammatory, immune and tissue repair responses
(Mutsaers, 2007).

There is evidence for a mesothelial progenitor cell population (Herrick, 2004). First,
mesothelial cells express characteristics of mesodermal, epithelial and mesenchymal
phenotypes- supportive evidence for multipotential differentiation of a progenitor cell
population. In addition, mesothelial cells exhibit plasticity by transforming into tissues such
as myofibroblasts and vascular grafts under specific growth conditions (Lv, 2011 & Sparks,
2002). After mesothelial tissue injury, new mesothelium regenerates from both cells at the
wound edge and from the surrounding serosal fluid, which may be mesothelial progenitor
cells capable of tissue regeneration. Mesothelial progenitor cells with such stem cell-like
properties are potentially a source of a cancer stem cell population in mesothelioma.
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Another potential cancer stem cell population in mesothelioma is side population (SP) cells.
Defined as cells that efflux the DNA-binding dye Hoechst 33342, SP cells can be enriched for
using flow cytometry. Side population cells express ATP-binding cassette (ABC) membrane
transporters that efflux the Hoechst 33342 dye, and these transporters are also involved in
efflux of drugs such as chemotherapeutics. Side population cells are found in both normal
and malignant tissues. In cancer, SP cells have been considered a potential cancer stem cell
population as well as a cell population responsible for resistance to therapy. SP cells have
been identified as a potential cancer stem cell population in various tumors, including
ovarian carcinoma and osteosarcoma (Fong, 2010 & Murase, 2009). A group that isolated SP
cells from human malignant mesothelioma cell lines illustrated that SP cells had enhanced
proliferation and higher expression of stem-cell genes (Kiyonori, 2010). However, the SP
cells did not have increased tumorigenic potential in immunodeficiant mice. A more recent
study reported that SP cells isolated from malignant pleural mesothelioma not only
expressed stem cell markers, but also showed self-renewal, chemoresistance, and
tumorigenicity (Frei, 2011). Further the subset of SP cells characterized as WT1 negative/D2-
40 positive/CD105 (low) were found to be even more tumorigenic. The increased stem
cellness of the SP cells isolated from this study by Frei et al. compared to the study by
Kiyonori et al. could be due to their isolation from malignant tissue rather than from
mesothelioma cell lines. Since cancer stem cells remain to be fully characterized and defined,
a diversity of cell types- including progenitor cells and side population cells- may qualify as
cancer stem cells in tumors (Bjerkvig, 2005).

How a normal mesothelial progenitor cell or side population cell transforms into a cancer
stem cell remains to be elucidated. Traditional thinking of transformation of a normal
differentiated cell into a tumor cell requires multiple hits to the genome resulting in genetic
instability and a selective survival advantage. Cancer stem cells may be products of a similar
transformative process. Human mesothelial cells exposed to asbestos and SV40 virus were
reported to transform via an Akt-mediated cell survival mechanism (Cacciotti, 2005). These
authors concluded that mesothelioma originates from a subpopulation of transformed stem
cells. More work illustrating this important concept is necessary and offers potential targets
for therapy to abrogate this transformation process. Hypothetically, the advantage for a
tumor to arise from a transformed stem cell rather than from a transformed differentiated
cell includes the ability for the tumor to have multiple phenotypes for growth in different
microenvironments; an additional mechanism for a metastatic phenotype; and resistance to
current therapies. Interestingly, mesothelioma exhibits aspects of all three of these tumor
characteristics.

Diffuse malignant mesothelioma can be classified histologically into three major classes:
epithelioid, sarcomatoid, and mixed-type. Epithelioid is the most common phenotype and
the mixed-type can be found in 30% of tumors. Sarcomatoid tumors are rare but carry the
worst prognosis. There are also rare variants including desmoplastic, undifferentiated and
deciduoid types. This wide variety of phenotypes could be explained by a cancer stem cell
origin for mesothelioma, such as a transformed mesothelial progenitor cell population
that has been shown to differentiate into multiple cell types. Currently, determining
the histological subtype is important for diagnosis, prognosis and treatment (Tischoff,
2011). If, however, all the histological subtypes are derived from a single stem cell
population, earlier diagnosis could be determined before histological differentiation
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occurs; prognosis could be improved overall; and treatment could be focused on targeting
these stem cells.

Mesothelioma is an aggressive tumor that often metastasizes. In tumor biology epithelial-
mesenchymal transition (EMT) is associated with increased tumor invasiveness and
metastasis. This transition is reminiscent of the epithelioid versus sarcomatoid type of
mesothelioma, and therefore has important implications in the metastastic feature of this
tumor. EMT is a transdifferentiation program used in normal embryonic development.
Activation of this program in carcinogenesis would confer a metastatic phenotype to the
tumor cells. Not only can EMT increase cell invasiveness and migration, but it also
contributes to additional properties that promote tumor cell survival; such as resistance to
apoptosis and senescence, and increased immunosuppression (Thiery, 2009). In addition,
EMT has been shown to induce stem cell-like properties. Many cancer stem cell traits are
consistent with a metastatic phenotype- self-renewal, ability to initiate tumors in a new
environment, motility, invasiveness, and resistance to apoptosis (Chaffer, 2011). Evidence of
EMT occurring in mesothelioma includes expression of proteins involved in the EMT axis in
malignant pleural mesothelioma tissue samples from untreated patients, and expression of
the periostin protein in particular by sarcomatoid tumors, which in turn correlated with
shorter survival in these patients (Schramm, 2010).

Successful colonization of metastatic cells to the distant tissues requires activation of genetic
and epigenetic programming for survival in the new tissue environment. This area of
research is relatively new, but it is believed that the self-renewal property of stem cells offers
one explanation for homing success. Once in the new microenvironment, metastatic cells
need to successfully utilize the local growth factors and cytokines to gain mitogenic
potential and the ability to self-renew. Subsequently the metastatic cells would need to
recruit the stroma to aid in cell survival, such as inducing a blood supply (Chambers, 2002).
Distant metastatic lesions of mesothelioma, amongst other tumors both epithelial and non-
epithelial, have been reported to highly express the self-renewal gene Bmi-1, suggesting that
a state of self-renewal is linked to metastatic potential (Glinsky, 2005). Whether the
metastatic cells in mesothelioma represent a cancer stem cell population derived from the
primary tumor, or mesothelioma cells that acquired stem cell-like properties such as self-
renewal en route to and after homing to the distant metastatic site, remains to be studied.
However these finding support a role for stem cells in the pathogenesis of mesothelioma.

Epigenetic mechanisms that do not change the DNA sequence but that do alter gene
expression at the mRNA and protein levels are exciting new potential targets for therapy. A
number of epigenetic mechanisms have been described in tumors, including microRNA
(miRNA) regulation of mRNA expression, histone acetylation/deacetylation, and gene
promoter methylation/demethylation. By suppressing expression of tumor suppressor
genes or increasing expression of oncogenes, these epigenetic proteins regulate
tumorigenesis at an additional level of complexity. A study identifying a panel of miRNAs
downregulated in malignant pleural mesothelioma tissue samples found redundant miRNA
regulators of Wnt signaling, an important pathway in stem cell self renewal (Gee, 2010). Wnt
signaling in mesothelioma suggests a cell population with stemness properties, and whose
expression appears to be regulated at an epigenetic level.
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The existence of a cancer stem cell population in mesothelioma is supported by evidence of
cells with stem cell-like properties in normal mesothelium, primary mesothelial tumors, and
metastatic lesions. A definitive cancer stem cell population capable of re-initiating
mesotheliomal tumors remains to be identified. If such a cancer stem cell population is
discovered, the prospects of earlier diagnosis and novel therapy for malignant
mesothelioma would be of utmost importance for further research.

4. Stem cells in the tumor microenvironment

A cancer cell cannot survive without a hospitable microenvironment. If the
microenvironment consists of immune cells that attack the cancer, or if the
microenvironment does not support cancer cell growth by providing growth factors,
cytokines or blood supply, the cancer cell will not survive in the host. Interestingly, stem
cells in the tumor microenvironment have been found to support tumor growth by
contributing to a hospitable microenvironment. Here we evaluate the evidence for a host-
derived stem cell population in the mesothelioma microenvironment, not a tumor-initiating
cancer stem cell population as previously discussed.

Stem cells found in the tumor microenvironment include mesenchymal stem cells (MSCs)
with multipotential differentiation and self-renewal properties. Initially MSCs were believed
to be derived from the bone marrow, and now there is increasing evidence for MSCs
existing in other tissues. The bone marrow houses two types of stem cells- hematopoietic
and mesenchymal. Hematopoietic stem cells give rise to all the blood cell lineages.
Mesenchymal stem cells can differentiate into a number of cells types, including osteoblasts,
chondrocytes, and adipocytes. MSCs have been found to travel from bone marrow into the
bloodstream and home to sites of tissue injury for repair (Prockop, 2009). MSCs have also
been found to home to tumor microenvironments and play a potential role in tumorigenesis.
The anti-tumorigenic and pro-tumorigenic roles MSCs play in tumors will be discussed and
evidence for MSCs in malignant mesothelioma will be summarized.

The mechanisms by which MSCs travel to tumors are similar to the MSC homing
mechanisms to sites of injury and inflammation. Recruitment of MSCs to tumors involves a
number of chemokines and growth factors. Tumor-produced vascular endothelial cell
growth factor (VEGF), transforming growth factor (TGF), epidermal growth factor (EGF),
hepatocyte growth factor (HGF), basic fibroblast growth factor (bFGF) and platelet derived
growth factor (PDGF) have been reported to recruit MSCs to tumors (Bergfeld, 2010).
Mesothelioma is known to secrete VEGF, EGF, HGF and PDGF; and these growth factors are
used as biomarkers for diagnosis as well as potential targets for therapy (Ray, 2009).
Chemokines and their receptors such as CCL2 (MCP-1) and CXCL12 (SDF-1) and the
cognate receptor CXCR4, as well as extracellular matrix proteases and related interleukins
(IL-6) have been shown to recruit MSCs (Spaeth, 2008). Both CCL2 and CXCL12 and the
cognate receptor CXCR4, as well as IL-6, are found to be upregulated in mesothelioma
(Miselis, 2009). Mesothelioma appears to have a microenvironment rich in growth factors,
chemokines, and interleukins conducive for MSC homing.

Many of the factors secreted by malignant mesothelial cells have multiple roles in
tumorigenesis, such as in angiogenesis and immunomodulation. The prospect of an
additional role of these factors in recruitment of stem cells to the tumor microenvironment is
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attractive from the standpoint of tumor growth and metastasis. MSCs have been found to be
pro-tumorigenic via a number of reported mechanisms. Once in the tumor
microenvironment, MSCs differentiate into pericytes, cancer-associated fibroblasts and
myofibroblasts (Bexell, 2009; Quante, 2011). Pericytes were first described in the 1870’s as
cells adjacent to capillaries supporting microvessel growth in normal tissue. Analogously,
tumor pericytes support angiogenesis, one of the hallmarks of cancer (Hanahan, 2011).
Hence therapies targeting MSCs in the tumor microenvironment are potentially anti-
angiogenic therapies.

Cancer-associated fibroblasts (CAFs) and myofibroblasts in the tumor microenvironment
appear to play a prominent role in tumor growth and progression. Unlike resting
fibroblasts, CAFs and myofibroblasts are activated cells capable of secreting growth factors
and extracellular matrix proteins that support tumor growth (Kalluri, 2006). Identifiable by
expression of alpha-smooth muscle actin (a-SMA) and fibroblast activation markers such as
fibroblast activating protein (FAP), CAFs and myofibroblasts in tumors can be derived from
the bone marrow precursors via the same factors known to recruit MSCs (Quante, 2011). The
interplay between MSCs and CAFs remains to be fully elucidated, but it does appear there is
overlap in the pro-tumorigenic factors secreted by both.

There is recent evidence of a tumor-associated fibroblast population in human malignant
pleural mesothelioma (MPM) cell lines orthotopically implanted into SCID mice, as well as
in histological analyses of human biopsies of MPM (Li, 2011). These fibroblasts secreted the
growth factors FGF, PDGF, and HGF. While this study did not show a MSC origin for these
tumor-associated fibroblasts, these growth factors are known to recruit MSCs as well as be
secreted by MSCs.

MSCs, staying undifferentiated or differentiating into pericytes or CAFs, appear to be pro-
tumorigenic via three mechanisms. First, MSCs secrete growth factors and cytokines that
support tumor growth. Second, MSCs secrete many proangiogenic factors, including VEGF,
angiopoietin, 1L-6, IL-8, TGF-b, PDGF, bFGF, and FGF-7 (Feng, 2009). And three, MSCs
contribute to tumor immunotolerance. As previously described, a tumor requires a
hospitable environment to grow, and preventing attack of the tumor cells by the host
immune system is crucial to promoting tumor survival. MSCs modulate innate immunity by
inhibiting natural killer cell activation and dendritic cell maturation (Sotiropoulou, 2007).
Acquired immune modulation by MSCs include inhibition of T cell proliferation, inhibition
of B cell activation, and increasing the production of regulatory T cells (Sotiropoulou, 2007).

While a MSC population remains to be described in mesothelioma, there is supportive
evidence for such a stem cell population given that the mesothelioma microenvironment has
been shown to be pro-tumorigenic in similar fashion to the three mechanisms described
above. First, there is upregulated expression of growth factors and extracellular matrix
proteins in mesothelioma (Miselis, 2010). It could be hypothesized that a stem cell
population in the mesothelioma tumor microenvironment is secreting these factors, since
MSCs are known to secrete these same factors in other tumors. However, the specific cell
types secreting these factors in mesothelioma remain to be fully elucidated.

Secondly, mesothelioma patients have the highest levels of VEGF compared to other
patients with solid tumors (Linder, 1998). This pro-angiogenic factor has been targeted for
therapy with some success (Zucali, 2011). It could be hypothesized that MSCs in the tumor
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microenvironment contribute to the high VEGF levels found in mesothelioma patients.
Thirdly, mesothelioma in part is such an aggressive tumor secondary to its successful
immunosuppressive strategies. Similar to the mechanisms of immunomodulation
demonstrated by MSCs, mesothelioma is characterized by inhibition of NK cells, dendritic
cells, cytotoxic T cells; while showing upregulation of regulatory T cells, and secretion of the
immunosuppressive cytokine TGFf (Gregoire, 2010). These findings correlate with clinical
presentation, where a high lymphocytic infiltration is associated with a better prognosis in
patients. It would be interesting to see if an increased infiltration of MSC in the
mesothelioma tumor microenvironment would correlate with an immunosuppressive
profile leading to poorer prognosis in mesothelioma.

Finally, MSCs have been shown to be pro-metastatic. Distant metastasis of Stage IV
malignant mesothelioma is rare compared to other solid tumors that spread to bone, brain,
and other metastatic sites. However there are case reports of mesothelioma metastasizing to
brain, oral gingiva, and skin (Ishikawa, 2010; Moser, 2011; Terada, 2011). In breast cancer,
MSC secretion of CCL5 induced a prometastatic effect on breast cancer cells; and tumors
coinjected with MSCs showed multiple fold increase in the number of breast cancer cells
metastasized to the lungs (Karnoub, 2007). The chemokine CCL5 is overexpressed by
mesothelioma (Miselis, 2010), and one could hypothesize that MSCs in mesothelioma may
secrete CCL5 and promote a pro-metastatic state.

5. Conclusion

While many more studies need to be executed in order to elucidate the role of stem cells in
mesothelioma, there is mounting evidence that there is a stem cell / progenitor population in
mesothelioma. Whether this cell population is a cancer stem cell one capable of repopulating
the tumor or host-derived stem cells in the tumor microenvironment capable of promoting
tumor growth and metastasis; it is highly likely that stem cells in mesothelioma are a
potential target for therapy. With the potential of stem cells playing a role in mesothelioma
growth, angiogenesis, immunomodulation, metastasis, resistance to therapy, and even
epigenetic control of tumorigenesis; there is great impetus to explore how stem cell biology
and malignant mesothelioma tumorigenesis intersect.
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1. Introduction

Malignant mesothelioma is an asbestos-associated malignancy arising from the mesothelial
cells of the pleural and peritoneal cavities, as well as the pericardium and the tunica vaginalis.

Mesothelioma usually presents in the fifth to seventh decades, and 70-80 % of cases occur in
men (Moore et al., 2008). Malignant pleural mesothelioma (MPM) is the most widely form of
mesothelioma. Patients frequently present with dyspnea, chest pain, cough, and weight loss
(Moore et al., 2008, Wang et al., 2004). Although most of the mesotheliomas cover the
pleural surface, approximately 35% arise only from peritoneum. Patients with malignant
peritoneal mesothelioma may present with abdominal pain, distention, anorexia, and
weight loss (Park et al., 2008).

Radiologic modalities play a crucial role in the evaluation of malignant mesothelioma.
Computed tomography is the primary imaging method used for the diagnosis and the
staging of malignant mesothelioma, but also for guiding biopsy for tissue diagnosis.
Magnetic resonans imaging (MRI) is useful for detection of extension of disease, especially
to the chest wall and diaphragm (Moore et al., 2008, Wang et al., 2004). In this article we
review radiologic findings of malignant pleural and peritoneal mesothelioma with our
patient archives. We also wants to give some information about differential diagnosis
malignant pleural and peritoneal mesothelioma.

2. Material and methods

We scanned our patient archive of mesothelioma between 2008-2011 years. We accepted
patients who had CT or MRI at their initial diagnosis. We have had 135 patient who suffered
from mesothelioma but only 35 patient had CT or MRI at the time of diagnosis. Twenty
seven of them were pleural mesothelioma, and 8 of them peritoneal mesothelioma.

3. Results

In pleural mesothelioma group, there were 10 women (37%) and 17 men (63%). The
avarage age was 55.14+12.47 (min: 29 - max: 87). We found pleural effusion in 23 patients



Mesotheliomas — Synonyms and Definition, Epidemiology, Etiology,
28 Pathogenesis, Cyto-Histopathological Features, Clinic, Diagnosis, Treatment, Prognosis

(85.12%), pleural thickening in 27 patients (100%) (Fig. 1.,2.), pleural calcification in 11
patients (40.7%) ( Fig.1.), lymphadenopathy in 11 patients (40.7%) (Fig. 1., 4., 6.), direct
extension to mediastinal organs in 10 patients (37%), pericardial effusion in 6 patients
(22.2%) (Fig. 5.), extension of chest wall in 7 patients (25.9%), extension of diaphragm in 5
patients (18.5%), thickening of interlober fissur in 11 patients (47.7%)(Fig. 2.), reduction in
thoracic volume in 8 patients (29.6%)(Fig. 1.), brain metastases in only one patient (3.7%),
pulmonary metastases in 2 patients (%7.4),(Fig. 3) hepatic metastases in 2 patients (7.4%),
(Fig. 9) (Tablel).

Fig. 1. Axial contrast enhanced CT parenchymal (a.) and mediastinal sections (b.) shows
nodular, irregular and circumferantial right sided pleural thickening in 55 year-old man.
Note that contracted right hemithorax and anterior mediastinal lymph node (arrow head).
We can see pleural calcification on left sided pleural surface (arrow head).

Fig. 2. Axial contrast enhanced CT mediastinal (a.) and parenchymal sections (b.) shows
right sided irregular pleural thickening and right major fissur involvement (arrow head).
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Fig. 3. Axial non- contrast enhanced CT a milimetric parenchymal nodul in right middle
lobe (arrow head).

Fig. 4. Axial contrast enhanced CT show 1 cm paracardiac lymphadenopathy in 65 year old
man with MPM.
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Fig. 5. Axial contrast enhanced CT shows pericardial invasion and pericardial effusion.

Fig. 6. Coronal (a) and axial (b) postcontrast T1 weighted images show a solitary mass with
central necrosis into left retrocrural space at a patient with malignant pleural mesothelioma.
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Radiologic Findings Rates
Pleural Effusion 85.12%
Pleural Thickening 100%

Pleural Calcification 40.7%
Thickening of Interlober Fissur 47.7%
Reduction in Thoracic Volume 29.6%
Mediastinal Lymphadenopathy 40.7%
Direct Extension To Mediastinal Organs 37%

Pericardial Effusion 22.2%
Extension Of Chest Wall 25.9%
Extension Of Diaphragm 18.5%
Metastases 11.1%

Table 1. Pleural mesothelioma radiologic findings

In peritoneal mesothelioma group, the average age 60.75+10.41 (min: 42-max: 73). There
were 2 female (25%) and 6 male (75%) patient. We found peritoneal irregularity and nodular
thickening in 4 patients (50%)( Fig. 7a.), diffuse peritoneal thickening (omental cake) in 4
patients (50%)(Fig. 7c., 8a., b., c.), ascites in 5 patients (62.5%) (Fig. 7., 8. ), extension of adject
tissue in only one patient (2.5%) (Table 2).

Radiologic Findings Rates
Peritoneal irregularity and nodular thickening 50%
Diffuse peritoneal thickening 50%
Ascites 62.5%
Extension of adject tissue 2.5%

Table 2. Malignant peritoneal mesothelioma radiologic findings
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Fig. 7. Malignant peritoneal mesothelioma. a. Contrast enhanced CT scan shows nodular
peritoneal thickening. b. Axial contrast enhanced CT shows perisplenic and perihepatic
large amount of ascites. c. Axial contrast enhanced CT shows diffuse peritoneal thickening
with omental cake.

Fig. 8. Diffuse irregular thickening of parietal peritoneum with omental cake is hypointense
on axial T2 Weighted images (a), hyperintense on FIESTA sequence (b), shows minimal
enhancement on post-gadolinium axial T1 Weighted images (c). We can see perihepatic
minimal ascites.
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Fig. 9. Coronal post gadolinium T1 weighted image shows perihepatic focal parietal
peritoneal thickening and hepatic metastases.

4. Discussion

The association of history, examination, radiology and pathology is essential in the
diagnosis of mesothelioma. Radiological imaging is important for the diagnosis, staging and
management of mesothelioma.

4.1 Pleural mesothelioma

Intravenous contrast-enhanced CT is the primary imaging modality for suspected
malignant mesothelioma. CT can show the whole pleural surface and diaphragm. CT
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findings that is seen mostly are nodular pleural thickening, unilateral pleural effusion,
pleural calcification, thickening of interlobar fissur, reduction of thoracic volume (Wang
et al.,, 2004, Ismail-Khan et al., 2006). Pleural calcification is seen approximately 20% of
cases (Moore et al., 2008, Wang et al., 2004). Typically, both the visceral and parietal
pleurae are involved. Malignant pleural thickening characteristically is circumferantial,
nodular and > 1 cm. Also, mediastinal pleural involvement is often detected (Ismail-Khan
et al., 2006). Malignant pleural mesothelioma is locally aggressive with invasion of the
chest wall, mediastinum and diaphragm. Obliteration of extrapleural fat planes, invasion
of intercostal muscles, displacement of ribs, and bone destruction are findings of chest
wall involvement. Heart, esophagus, trachea and major vascular structures of
mediastinum may be involved by tumor. Nodular pericardial thickening and pericardial
effusion refers to pericardial invasion by malignant pleural mesothelioma. Obliteration of
surrounding fat planes of mediastinal organs, covering of vascular structure more than
50% is a strong evidence of invasion (Moore et al., 2008, Wang et al., 2004, Miller et al.,
1996, Patz et al., 1992).

Pulmonary metastases of MPM presenting as nodules and masses and, rarely, diffuse
miliary nodules may be seen at CT. Chest CT may also rarely demonstrate extrathoracic
spread of MPM. Metastasis to the hilar and mediastinal lymph nodes is present at autopsy
in approximately 40-45% of patients with MPM ( Miller et al., 1996, Patz et al., 1992, Dynes
etal., 1992).

MRI screening is not used routinely in the assessment of malignant mesothelioma, however
in patients with potentially resectable disease, MRI can help to provide additional staging
information over and above CT. Using gadolinium enhancement, MRI can advance the
identification of tumor extension into the diaphragm or chest wall. MRI also is preferred in
some patients whom intravenous iodinated contrast is contraindicated.

Malignant pleural mesothelioma is typically isointense or slightly hyperintense on T1-
weighted images and moderately hyperintense on T2-weighted images relative to adjacent
chest wall muscle. After the gadolinium injection, MPM shows enhancement. MR imaging is
superior to CT for showing invasion of the diaphragm and invasion of endothoracic fascia
or a single chest wall focus (Moore et al., 2008, Miller et al., 1996, Patz et al., 1992).

The radiologic differential diagnosis includes metastatic pleural disease, pleural lymphoma,
asbestos releated benign pleural disease, and tuberculous empyema. Pleural rind, nodular
pleural thickening, pleural thickening greater than 1 cm, and mediastinal pleural
involvement favor malignant pleural disease. Pleural calsification is usually seen in benign
process. Mesothelioma can not be distinguished from metastatic pleural disease on CT.
Discrimination between epithelial types of mesothelioma and metastatic adenocarcinoma
requires histochemical, immunohistochemical, and ultrastructural analysis. The presence of
hilar-mediastinal adenopathy may be helpful in differentiating metastases and lymphoma
from mesothelioma. The radiologic criteria for unresectability are tumor encasing
diaphragm, invasion of extrapleural soft tissue, infiltration, displacement, or seperation of
ribs by tumor, or bone destruction (Moore et al., 2008, Dynes et al., 1992, Barreiro et al., 2006,
Jeong et al., 2008).
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Morphologically malignant pleural mesothelioma can be seen in three forms: epithelial,
sarcomatous, and mixed. The mixed form is usually mentioned as biphasic or bimorphic.
Mixed tumors are composed of both epithelial and sarcomatous components. Epithelial
mesotheliomas have a better diagnosis than sarcomatous and mixed tumors so differential
diagnosis is very important for determining the prognosis. Epithelial malignant
mesotheliomas consist of cells that are similar to normal mesothelial cells. The cells form a
tubulopapillary or trabecular pattern. Epithelial malignant mesothelioma may also show
prominent secretory changes, microglandular patterns, signet cell structure, or desmoplastic
responses that make these tumors difficult to differentiate from adenocarcinomas based on
routine histologic analysis alone. The sarcomatous pattern of malignant mesothelioma is
typically consist of closely packed spindle cells. No immunohistochemical markers are
spesific for malignant mesotheliomas and so there are some immunohistochemical markers
such as calretinin thrombomodulin, and cytokeratin 5/6 to differentiate from metastatic
adenocarcinomas and soft tissue sarcomas that have similar to histologic appearances (Levy
et al., 2008). (Fig. 10).

4.2 Peritoneal mesothelioma

Approximately 35% of all mesotheliomas arise only from the peritoneum. There are three
pathologic subtypes of peritoneal mesothelioma: Malignant mesothelioma, cystic
mesothelioma, or well-differentiated papillary mesothelioma. CT findings of these subtypes
are different from each other (Park et al., 2008).

Malignant peritoneal mesothelioma is seen at fifth and sixth decades. Asbestos exposure
is a predisposing factor. We can see two different apperance at CT. Dry apparence is
characterized with peritoneal based masses and wet apparence is characterized ascites,
irregular or nodular peritoneal thickening and omental mass may be seen at CT.
Peritoneal carcinomatosis, serous papillary carcinoma of peritoneum, tuberculous
peritonitis and peritoneal lymphomatosis should be thought in differential diagnosis. It is
very difficult to do differential diagnosis by using only CT. Prominent ascites and less
severe peritoneal thickening is seen in peritoneal carcinomatosis. The incidence of liver
metastasis and lymphadenopathy is also higher in peritoneal carcinomatosis. Serous
papillary carcinoma is found predominantly in elderly women and postmenopausal
women. We must think tuberculous peritonitis if we see smooth peritoneal thickening,
mesenteric lymphadenopathy with central necrosis, ascites with high attenuation, and
splenomegaly at CT. Diffuse retroperitoneal and mesenteric lympadenopathy and the lack
of omental involvement may misgive about lymphomatosis (Park et al., 2008, Levy et al.,
2008).

Cystic mesothelioma is a benign tumor that is occur mainly in young to middle-aged
women. It is usually associated with a history of previous abdominal surgery or pelvic
inflammatory disease. Relationship between asbestos exposure and cystic mesothelioma has
not been reported. Involvement of pelvic region is typical. Hormonal therapy is usually
useful for treatment of cystic mesothelioma. Multilocular cystic mass, multiple unilocular
cystic thin-walled cysts, or a unilocular cystic mass. Cystic lymphangioma, cystic epithelial
neoplasms of the ovaries and endometriosis is thought in the differantial diagnosis. Cystic
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Fig. 10. a. Malignant mesothelioma that shows papillary formation and desmoplastic
stromal reaction, b. Biphasic malignant mesothelioma which consists of epitheloid and
spindle cells, c. Malignant mesothelioma cells that show immunreactive with calretinen, d.
Pleomorphic mesothelial cells (May Gruwald Giemsa)
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lymphangioma is seen in younger patients than cystic mesothelioma. It does not show
regional predilection. Thick-walled cysts, thick internal septa, and high-attenuation internal
debris favor the diagnosis of endometriosis. Well-differentiated papillary mesotheliomas is
found reproductive-age women. Peritoneal thickening, multiple peritoneal nodules, omental
infiltration and ascites may be seen at CT. It should be thought as the same disease that is
thought in malignant peritoneal mesothelioma in differential diagnosis (Park et al., 2008,
Levy et al., 2008., Pickhardt et al., 2005).

5. Conclusion

Malignant mesothelioma can be difficult to diagnose. Neither CT scanning nor MRI
provides an unequivocal diagnosis of mesothelioma; tissue biopsy is required for the
definitive diagnosis (Wang et al., 2004, Miller et al., 1996, Patz et al., 1992, Pickhardt et al.,
2005, Zahid I et al. 2011).
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1. Introduction
1.1 Epidemiology

Primary malignant pericardial mesothelioma is an extremely rare tumour. One of the largest
autopsy series including about 500,000 cases gave an incidence of primary pericardial
tumours of <0.0022% (Gossinger et al., 1998). However, it accounts for approximately 2-3%
of all cardiac and pericardial primary tumours being the third tumour after angiosarcoma
and rhabdomiosarcoma (Karadzic et al., 2005; Papi et al., 2005).

Mesothelioma arises from the serous epithelial cell of the mesothelium. The most common
sites for this malignancy include the pleura (60-70%) and the peritoneum (30-35%). Primary
pericardial mesothelioma accounts for only about 1% of all mesotheliomas (Karadzic et al.,
2005; Papi et al., 2005).

Approximately 200 cases have been described in literature, of which most have been
reported as case studies. The majority of diagnoses occur in the fourth to seventh decades of
life with a median age of 46 years (Nilsson & Rasmuson, 2009) and on average, tends to
develop in fairly young people compared to pleural or peritoneal mesothelioma. The male-
to-female ratio is nearly 2:1, lower than the ratio of approximately 3.5:1 for mesotheliomas of
the pleura.

The higher proportion of women suggests that the link with asbestos exposure is weaker for
pericardial than for pleural mesothelioma, or that some pericardial mesotheliomas are
pathogenetically distinct from their pleural counterparts (Burke et al., 1995). The etiology of
malignant pericardial mesothelioma is not completely known. No obvious relationship
between asbestos exposure and the development of pericardial mesothelioma has been
established due, in part, to the very small number of cases reported (Kaul et al., 1994). An
example of this is a recent article published by Nilsson et al., 2009, where they presented a case
report and review of 29 primary pericardial mesotheliomas in English literature from 1993
through to 2008. They found that most of the reviewed articles contained no information about
asbestos exposure and that only three cases were reported with known exposure to asbestos
and 11 were reported with no known exposure (Nilsson et al., 2009), Table 1.

Furthermore, pericardial malignant mesothelioma has been described in patients with a
prior history of irradiation showing pericardial effusion (Bendek et al., 2010; Yildirim et al.,
2010). A rare association with pericardial mesothelioma and tuberculosis has also been
reported (Narayanan et al., 1972).
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Exposure to asbestos n %
Exposure 3/14 21
No known exposure  11/14 79
Not mentioned 16/30 53

Table 1. Asbestos exposure and primary pericardial mesothelioma

2. Clinical presentation

Symptoms arising from primary pericardial mesothelioma usually result from constriction
of the heart or compression of surrounding structures, ranging from dyspnoea, cough,
dysphagia, orthopnoea and chest pain (Aggarwal et al.,1991). The onset of symptoms is
usually insidious. Common clinical manifestations of pericardial mesothelioma are
constrictive pericarditis, pericardial effusion, cardiac tamponade and heart failure caused by
myocardial infiltration (Suman et al., 2004). Compression of coronary arteries and local
spread of the disease to surrounding large vessels can result in additional symptoms.

As with symptoms, the majority of physical findings are nonspecific. Tachycardia (a heart
rate of more than 90 beats per minute) is usually present. Heart sounds may be attenuated if
pericardial fluid is present. Clinically significant tamponade produces jugular venous
distension, hypotension or even shock. A key diagnostic finding for tamponade is pulsus
paradoxus, defined as an exaggeration (more than 10 mmHg) of the normal variation during
the inspiratory phase of respiration, in which the blood pressure declines as one inhales and
increases as one exhales, and is often palpable in muscular arteries. Sometimes, pulsus
paradoxus can be caused by other pathologies, such as asthma, COPD, superior vena cava
obstruction, pulmonary embolism or anaphylactic shock.

Additionally, distant metastasis, conduction blockade due to myocardial infiltration and
tumour embolism causing neurological deficits have also been reported (Szczechowski et al.,
1992). Metastases are present in about 25-45% of the patients and involve regional lymph
nodes, lung and kidney (Karadzic et al., 2005; Lagrotteria et al., 2005).

3. Diagnosis

Diagnosis of the disease can be challenging because of nonspecific symptoms and therefore
usually only detected at an advanced stage. Usually, tumour presentation consists of
coalescent irregular lobular masses that obliterate the pericardial space and tend to constrict
the heart. Although a mild infiltration into the subepicardial muscle may occur, the
underlying myocardium is frequently not affected. The malignant involvement of
pericardium may lead to the development of pericardial effusion, which results from
blockage of venous and lymphatic circulation of pericardial fluid.

Often, a multimodal imaging approach, including echocardiography, computed
tomography (CT), magnetic resonance imaging (MRI) and FDG-PET scans, is required.
Chest radiography of patients reveals cardiomegaly, an irregular cardiac silhouette or
diffuse mediastinal enlargement. Transthoracic echocardiography is the mainstay imaging
technique for cardiac tumour detection. Although generally robust, it carries several well-
described limitations, including operator dependence, restricted field of view and occasional
limited imaging of the right heart chambers. Transesophageal echocardiography improves
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image quality considerably, but is more invasive and carries a restricted field of view. CT
scan can demonstrate the extent of the cardiac tumour, the extent of pericardial thickening,
the mediastinal lymph node and the extracardiac lesions, Figure 1. These can be useful in
distinguishing primary pericardial tumours from other causes of constrictive pericarditis.
Cardiovascular magnetic resonance imaging is the reference non-invasive imaging
technique for assessment and characterization of a suspected cardiac mass. It allows
accurate confirmation of the presence of a space occupying lesion, localization and
assessment of the extent of involvement, evaluation of the functional impact of the lesions,
as well as tissue characterization, Figure 2. Such information is important not only for
diagnosis, but also determination of prognosis and in planning of therapy (Randhawa et al.,
2011). Integrated positron-emission tomography (PET)/Computed tomography (CT)
imaging has not established itself in routine evaluation, probably due to their low
frequency. However, in a recent report, PET-CT was useful in the staging and preoperative
evaluation of pleural or pericardial mesothelioma, detection of unsuspected nodal and
occult distant metastases (Ost et al., 2008).

Fig. 1. Axial contrast-enhanced chest CT scan (mediastinal window) shows a soft-tissue
mass with homogenous enhancement that encases the ascending aorta and right pulmonary
artery. The mass is compressing the right atrium (arrows).
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Fig. 2. Contrast-enhanced short-axis steady-state free precession MR image, demonstrates
extensive pericardial involvement of the tumour that encases the ventricles and also
compresses the right ventricle. It is possible to differentiate the myocardium (arrowheads)
from the mass (asterisks). In this sequence, liquids show high attenuation and only minimal
pericardial fluid is seen (arrow). RV: right ventricle; LV: left ventricle.

The diagnosis of the disease is made as a result of the pathologic assessment of pericardial
fluid or tissue generally obtained with the guidance of echocardiogram, ultrasonography or
CT scans. Moreover, cytological examination, immunohistochemistry and the high
pericardial hialuronic acid content of the pericardial aspirate can be diagnostic. As with any
tumour, reliable diagnosis of mesothelioma depends on obtaining adequate and
representative tissue samples. Antemortem diagnosis is notoriously difficult because the
clinical presentation is nonspecific, the radiological findings are sometimes non-contributory
and the cytological analysis of pericardial fluid is often inconclusive. In only 10-20% of cases
can the diagnosis be made before the death of the patient (Papi et al., 2005). It is important to
differentiate between malignancy and mesothelial reactive hyperplasia associated with
inflammatory disease. In biopsy specimens, features that indicate the presence of a
malignancy are infiltration of deep tissues, atypical cells, necrosis and confluent forms. In
these cases it is useful to obtain additional anamnesis, clinical and radiological information.
Immunohistochemistry has a limited role and the more useful antibodies have diagnostic
sensitivity and specificity < 90% (table 2).
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Antibody

Epithelial membrane antigen
p53

Desmin

Sensitivity (%)
74
58
83

Specificity (%)
89
91
83

Table 2. Antibodies distinguishing between malignant mesothelioma and reactive
mesothelial hyperplasia (Addis B & Roche H, 2009).

On microscopy, malignant

mesotheliomas

of

the pericardium

resemble pleural

mesotheliomas. Mesotheliomas are divided into epithelial, mixed (biphasic) and sarcomatous
types on the basis of histologic growth patterns, Figure 3,4. The less common mixed and
sarcomatous variants show poorer survival. Immunohistochemically, almost 100% of pleural
mesotheliomas express cytokeratin in epitheloid areas. Sarcomatoid cells express cytokeratin
in about 75% of cases, vimentin is preferentially expressed in the spindle cell areas and
epithelioid membrane antigen (EMA) is frequently present in the epitheloid areas. With
pericardial mesotheliomas, EMA and vimentin are present in fewer than 50% of pericardial
cases. As with pleural mesothelioma, a panel of antibodies should be used for differential
diagnosis with metastatic pericardial tumours, so much frequent than mesothelioma. For
adenocarcinoma, the most common metastatic pericardial tumour, a panel of positive (CK5/6,
calretinina) and negative (CEA, ber-EP4 y CD15) antibodies allow the diagnosis of
mesothelioma in the context of the morphologic findings. In this case, antibodies usually
positive in epithelial mesothelioma are presented in Table 3 (Addis & Roche, 2009).

Antibody

CK5/6

Calretinin

HBME 1
Thrombomodulin
N-cadherin

Wilms tumour product-1

Sensitivity (%)
83
82
85
61
78
77

Specificity (%)
85

85
43
80
84
96

Table 3. Antibodies usually positive in epithelial mesothelioma.
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Fig. 3. Positivity for calretinin in neoplastic cells of epithelial mesothelioma.
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Fig. 4. Epithelial mesothelioma in invasive pattern. Hematoxylin-eosin x 200.

4. Treatment and prognosis

Pericardial mesothelioma is a highly aggressive tumour with global survival of less than 6-
12 months, depending on histological type, tumour stage, performance status and treatment,
and other factors, such as gender and age (Papi et al., 2005; Suman et al., 2004). Its molecular
profile indicates that most of the known genes for radio- and chemoresistance are
overexpressed (Roe et al., 2009). Treatment tends to be mainly palliative rather than radical
and based on surgery, chemotherapy and radiotherapy. However, despite best efforts, no
significant difference has been achieved in regards to prognosis.

Surgery plays a limited role as the disease is often locally advanced when diagnosis is
reached. Its main role is therefore to control symptoms, as in the case of partial
pericardiectomy in cardiac tamponade (Vigneswaran et al., 2000).

Treatment options for the control of malignant pericardial effusions or tamponade should
be individualized to maximize symptom relief and minimal impact in quality of life.
Several techniques have been used, percutaneous pericardiocentesis, pericardial sclerosis,
subxiphoid pericardial window, pericardiectomy or pericardiectomy by thoracotomy or
video-assisted thoracoscopy. However, a retrospective comparison of cases published in
1998 by Girardi, showed that periocardiocentesis with intrapericardial sclerotherapy was
as effective as open surgical drainage for the management of malignant pericardial
effusions and also showed similar rates of complications (Girardi et al., 1997). Surgical
drainage is desirable in patients with intrapericardial bleeding and in those with clotted
hemopericardium or thoracic conditions that make needle drainage difficult or ineffective.
If treatment is indicated for management of tamponade, percutaneous subxiphoid
pericardiocentesis is the treatment of choice in the acute setting, guided by
echocardiography. Recurrent pericardial effusion occurs in approximately 21-50% of cases
(Anderson et al., 2001; Tsang et al., 2000). Limited cases suggest rates of pericardial fluid
reaccumulation at 30 days ranging 5-33% after periocardiocentesis and intrapericardial
treatment with sclerosing drugs versus more than 50% in cases treated with pericardial
drainage alone (Anderson et al, 2001). Several sclerosing agents have been used,
tetracycline, bleomycin, thiotepa, mitoxantrone, docetaxel, among others. Some cases may
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required three or more treatments to achieve adequate sclerosis. A prospective
comparison study of doxycicline versus bleomycin showed a similar rate of success, but
less morbidity in cases treated with bleomycin, especially in severe retroesternal chest
pain, 70% of patients treated with tetracyclines versus 0% with bleomycin (Liu et al.,
1996).

Fig. 5. Chest CT scan performed after three cycles of chemotherapy. Axial contrast enhanced
CT scan (mediastinal window) at the same level as Figure 1 shows marked improvement in
the mass (Santos et al., 2008).
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Scheme of bleomycin chemical sclerosis: after catheter is correctly placed and drainage is
effective, bleomycin 10 to 20mg dissolved in 10 to 20 mL of normal saline is inserted through
the catheter into the pericardial sac. The catheter is clamped for 1 to 2 hours and then
reopened and allowed to drain. Special positioning of the patient is not required. Procedure
could be repeated every 24-48h until volume of drainage was less than 25 mL per 24 hours.
Maximum number of procedures is 3 or 4. Catheter is definitively removed when the
echocardiogram confirms that the effusion is resolved.

Radiation therapy has been used as adjuvant treatment in patients with incomplete tumour
resection with or without chemotherapy (Papi et al., 2005; Suman et al., 2004) but pericardial
mesothelioma responds poorly to radiotherapy and we have to be cautious with the side
effects of such radiation that can cause primarily pericarditis or myocarditis.

The use of new drugs offers further treatment options. The therapeutic schemes generally
used are the same as those used in pleural mesothelioma, mainly a combination of platin-
infusion plus gemcitabine or paclitaxel with and objective response rates of 16-48% and
median survivals of 9.6-11.2 months. Recently, pemetrexed, a multitargeted antifolate, has
demonstrated modest activity against malignant pleural mesothelioma in combination with
cisplatin (Volgenzang et al., 2003) or carboplatin (Ceresoli et al., 2006). Some cases report
excellent tumour response with a combination of carboplatin and pemetrexed unusual in
this type of tumours with progression-free survival and overall survival of 10 and 18
months, respectively (Doval et al., 2007; Fujimoto et al., 2009; Santos et al., 2008), Figure 5.

5. Conclusion

Malignant pericardial mesothelioma is a rare malignancy with a poor prognosis. Diagnosis
procedures are sometimes difficult and a multidisciplinary approach, including
pathologists, clinicians and radiologist, is often required. Due to few cases being described,
management is based on knowledge obtained from usual presentations of malignant
mesothelioma, such as pleural or peritoneal. Systemic treatments can be used and tumoural
responses have been described, especially with new antineoplastic agents. With respect to
the treatment of local complications as pericardial effusions with tamponade, options
include pericardiocentesis with or without chemical sclerosis as an initial procedure. Other
more aggressive surgical approaches may be recommended in selected cases.
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1. Introduction

The testicular mesothelioma is one of the rare tumor from other types of mesotheliomas
(less than 1%)[9, 43, 81, 104]. In light of this are clear of the difficulties encountered by
some clinicians, radiologists, pathologists and cytologists in differential diagnosis. In
addition, they are so rare that there is no more the researcher, which would focus in his
hands a sufficient number of his own observations to make serious conclusions. That is
why, apparently, the question of the tumor so far in the literature are not systematically
developed. The lack of sufficient information on the morphology of mesothelioma are
often a cause of incorrect diagnosis. It should also be recognized that a lack of sufficient
morphological data about testicular mesothelioma considerably narrows the diagnostic
possibilities for dissector and thereby restricts the advice assistant to clinic in establishing
the correct diagnosis. In this regard, it seems appropriate to offer for the attention of
specialists is one of the literary reviews, focusing on the pathological anatomy of this
enigmatic tumor, thereby making an attempt to systematize to some extent, knowledge of
mesothelial tumors. We hope that the proposed work will be useful and necessary in the
daily work of professionals and will be of interest for researchers studying and
developing one of the important problems in oncology - the problem of testicular
mesothelioma.

2. Synonyms and definition

Testicular mesothelioma is one of the testis-specific and aggressive form of cancer that
develops from the mesothelium covering the tunica albuginea as well as parietal and
visceral sheets of the tunica vaginalis of the testis, epididymis, and spermatic cord, and
surrounding it, thereby providing protection and support of this body [68, 79]. Among the
primary tumors of serous integument mesothelioma (synonyms: adenofibroma,
adenofibromyoma, adenoma, adenoma of Miillerian moves, adenomatoid genital tract
tumor, adenomatoid leiomyoma, adenomatoid tumor, adenomatous tumor, angiomatoid
tumor, angiomatoid tumor of endothelium, cancerous endothelioma, carcinosarcoma,
celomic cancer, celothelioma, cystadenoma, endothelial cancer, endothelioma,
fibroadenoma, lymfangioendothelioma, lymphangioma, malignant epithelioma, malignant
epithelioma of serosa, malignant tumor of the serous covering of cells, primary carcinoma,
sarcomatous endothelioma) of the testis is a relatively rare [49, 96, 99].
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3. Epidemiology: Frequency and age

Considered a type of cancer in this chapter is most common with a high socio-economic
status, mainly in the elderly, but is in young and even in the children, and the incidence has
two peaks: the first in 20-30 years, the second after 50 years [110]. Testicular tumors are
about 1% of the total number of tumors in men [25]. They occur with a frequency of 20-25
per 1 million men, most aged 20-35 years (3, 40). Testicular tumors in 60% of the
observations affect the boys up to 3 years of age, with 80% of them are malignant [5, 60, 67] .
The high incidence of testicular tumors for 1998-2002 is registered in most countries of
Western Europe: Denmark (9.2 per 100 000 population), Germany (8.1), Scotland (7.6), Italy
(7.3), Switzerland (6.9), Czech Republic (6. 5), Netherlands (6.0), Russia, St. Petersburg (1.7);
among the white U.S. population (6.0-6.8) [110]. Throughout the second half of the last
century there has been an increase of morbidity by testicular cancer. In 2002 in Russia
revealed 1189 testicular cancer, representing 1.8 per 100 000 population[64]. Most often,
these tumors were observed in age from 0 to 4 years, 30 to 34 years and older than 75 years.
The countries with high mortality (> 0.5) from testicular cancer are almost all represented by
the WHO the countries of Eastern and Central Europe (Croatia, Czech Republic, Estonia,
Hungary, Latvia, Lithuania, Poland, Romania, Slovakia, Slovenia, etc.) [44, 71]. In Western
Europe and the U.S,, that is, in regions with a high morbidity of testicular cancer, the
mortality rate is low, which can be attributed to advances in the treatment of tumors of the
body. Mortality, respectively, is low and in countries with low morbidity, namely in East
Asia. In Russia, the mortality statistics from testicular cancer is not provided and there is
still no national registry of mesothelioma.

However, Kashansky [51] in Russia for the period from 1881 to 2006 has conducted a time-
consuming retrospective analysis of published by Russian-speaking authors of 872 papers
containing descriptions of 3576 observations of mesotheliomas in different locations,
including 29 (0.8%) - of testis, but without a clear representation of literary references
proving the obtained data that undoubtedly reduces the quality of his work. The decrease of
the reliability of this work also can be attributed to a lack of the Russian national
mesothelioma registry. Currently, the epidemiology of the disease being studied in the Altai
Territory and the Sverdlovsk region of Russia, and the mesothelioma monitoring was
organized in St. Petersburg.

According to Butnor, et al [15] revealed 80 observations of paratesticular adenomatoid
tumor, and Murai [78] reports only 6 (0.3%) cases of malignant mesothelioma from 1785 of
mesotheliomas of various localizations during 1958-1996, arising from the tunica vaginalis
of testes.

Testicular mesothelioma occurs at various ages, from newborns to 80 years. Over the past 50
years, have been documented about 100 cases of testicular mesothelioma [113]. About 80
cases of malignant testicular mesothelioma are reported in the literature, and the frequency
of mesothelioma is 1: 1 000 000 [43]. Al-Qahtani, et al. [4] indicate that 73 surveillances of
malignant mesothelioma arising from the testicular serous membranes, are published in the
literature for the period 1966-1997. Mesothelioma varies in a wide range from 0.6 cases per 1
million inhabitants per year in Tunisia, and 35 in Australia [63]. The background morbidity
is 1-2 cases per 1 million of population per year (39). According to forecasts Peto, et al. [84]
the mortality from mesothelioma in Western European countries will grow from 5,000 cases
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in 1998 to 9,000 in 2018 and over the next 35 years from mesothelioma dies about 250 000
people.

According to the International Agency for Research on Cancer, in Europe there is a
significant variation between the levels of mesothelioma morbidity in different countries
[10, 110]. Thus, in 1993-1997 the largest number of cases of mesothelioma among men are
registered in Scotland and the Netherlands - 34 cases per million, whereas in Estonia and
Belarus - only 3 cases per million. The situation with the frequency of detection of
mesothelioma in the USA and Canada is different from Australia, France and Great Britain,
where the number of cases is much higher and continues to grow [85]. For example, in
Australia in 1993-1997 were recorded an average of 23 cases with mesothelioma per million
among men. In 2000, there were already 60 cases per million in men [45].

Among the economically developed countries of Western Europe, only in Sweden is a
similar situation to the United States. In 1993-1997 the morbidity among Swedish men was
at the level of thel3 cases per million population, but in recent years, the downward trend of
these indicators. Projected to peak IARC mesothelioma in Western Europe will be in the
2015-2030 years. According to the International Agency for Research on Cancer the peak of
mesothelioma morbidity in Western Europe will be in the 2015-2030 [11, 110].

Thus, epidemiological data about this type of cancer are inconsistent and is explained by
the fact that some authors consider the testicular tumors with the positions of germ cell
tumors, not considering the mesothelioma of the paratesticular zone, other researchers lead
only statistics of the mesotheliomas of other more frequent localizations, not focusing its
attention on the testicular mesothelioma because of its great rarity, and numerous
publications on the paratesticular mesothelioma are, unfortunately, mostly descriptive in
nature. That is why out of the contradictory situation is advisable to establish national
centers of pathology with the formation of these cytology, biopsy and autopsy banks,
followed by an examination of questions of etiology, epidemiology, patho-and
morphogenesis of tumor diseases and, in particular, testicular mesothelioma, as well as
analysis of the intravital diagnosis of pathological processes in order to the timely treatment
and prevention [116].

4. Etiology and pathogenesis

The exact cause of the testicular mesothelioma is not installed, but the known risk factors
that may contribute to its development [20, 64]. Factors of the testicular tumors are as
follows: 1. Age. The majority of cases of the testicular cancer are detected from 15 to 40
years. However, the tumor may occur at any age, including infants and the elderly. 2.
Cryptorchidism, in which the possibility of the tumor defeat is growing at 40-60 times. 3.
Professional career: the miners, firefighters, utility workers, leather, printing, oil and gas
industry have an increased risk of testicular cancer. Rather, it involves the use of certain
solvents and dyes. Therefore, the risk group usually consists of firefighters, miners,
plumbers, builders and gasman. 4. AIDS. Men living with human immunodeficiency virus,
there is an increased role in the development of the testicular cancer. 5. Race. The probability
of occurrence of the testicular cancer among white Americans is 5-10 times higher than
among African-American men. The risk of the testicular cancer in men of Asia and Africa is
low. 6. Nutrition. The excessive consumption of animal fat is a risk factor for the testicular
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cancer. 7. A small increase in risk of the testicular cancer is associated with the trauma of the
scrotum. 8. The risk of the testicular cancer raised among young people whose mothers used
to maintain the pregnancy is estrogenic drugs, in particular, diethylstilbestrol, and who
were, respectively, in vitro exposed to estrogens.

In recent years actively accumulates information indicating about polyetiology of the
disease [83]. There is increasing works on mesothelial activity of chemical (salts of nickel,
beryllium, silica, tobacco, iron oxide, manganese, carbon black, polyurethane, polysilicon,
ethylene oxide, wollastonite, erionite, etc.), physical (microwave and ionizing radiation) and
biological (fungi , mycobacterium tuberculosis, viruses of the avian leukemia (MS 29) and
simian virus 40) agents [30, 37, 42, 77, 82, 111]. Presently, a considerable role in the
development of mesothelioma is assigned to viral etiology, with the Simian virus 40 being
isolated in 47-83% of human mesotheliomas, yet the currently available epidemiological
evidence seems insufficient to duly evaluate the impact of this virus on the increased
incidence of mesothelioma in the second half of the last century [17, 20]. Among the
carcinogenic factors contributing to the emergence of mesothelioma, the asbestos is in the
first place, especially the impact of asbestos and its derivatives (actinolite, zeolite, amosite,
anthophyllite, chrysotile, crocidolite and tremolite), which are classified by the International
Agency for Research on Cancer in Group 1 of the carcinogen risk to human where asbestos
can be both a stimulant and an initiator of carcinogenesis, it has its own cancer-causing
properties and, moreover, can enhance the carcinogenic effect of other factors [12, 33, 62, 90].
Like all other types of mesothelioma, testicular mesothelioma is believed to be caused by
exposure to asbestos [7, 87]. In 40% of patients had contact with asbestos, and notes the
synergy effects of smoking and asbestos at risk of developing mesothelioma [43]. Despite
the fact that in some developed countries reduces production and use of asbestos, the
morbidity and mortality from mesothelioma continues to rise. This can be explained to the
delayed effect of asbestos. It is known that for development of malignant tumor the latency
period is required, the duration of which depends from the carcinogenic factor could be 20
years or more. However, it is possible that increases in the morbidity of mesothelioma is
related to other unknown factors [29, 32]. Since the beginning of 1970 in the XX century in
Western countries, the development of mesothelioma were due solely to the inhalation of
asbestos-containing dust, and, above all, amphibole asbestos, especially crocidolite, and
tremolite asbestos, which currently have a crucial role in the etiology of the disease [22, 36].
Human exposure occurs through inhalation of asbestos fibers from the polluted air in the
working environment, as well as from the ambient air near of the sources of such pollution,
or in rooms that contain the fragile asbestos materials. Such exposure may occur during the
installation and use of asbestos-containing materials, and of the vehicle maintenance. In
1977 in Germany, then in France, Japan, Finland, USA and other countries, and since 1996 in
Russia the mesotheliomas through law were classified as occupational diseases associated
with exposure to asbestos [51]. In a number of countries have established national cancer
registers of mesothelioma and operate numerous government agencies and public
associations, to examine various aspects of this pathology. The incidence of diseases caused
by asbestos is related to fiber type, size of fibers, the dose and the industrial processing of
asbestos [89].

The mechanisms of carcinogenicity of asbestos may be associated with the formation in
target organs of the active forms of oxygen, which are known to be capable of damaging cell
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membranes, including the genetic structure of cells [91]. Under the influence of iron
contained in large quantities in the amphibole asbestos minerals, oxygen is restored to
superoxide with subsequent formation of hydrogen peroxide and later hydroxyl radical. In
addition, the active forms of oxygen appear as a result of damage to the phagocytes by
asbestos fibers longer than 10 pm (0. 01 mm — the so-called "long fibers") and the
emergence of "oxidative stress" is directly into the phagocytes. ). In the literature there are
data that the short asbestos fibers (up to 10 pm - and thickness of elementary fiber in 26
nanometers) can directly damage the chromosomes and cell division apparatus
(fragmentation of the chromosomes, micronuclei, mitotic spindle damage). The initial event
in a row, leading to a malignant tumor is the emergence of cells with damaged hereditary
structures, which is either removed from the body or remains and gives rise to a tumor.
Recent results revealed that asbestos carcinogenesis in humans and in rodents is linked to
the activation of the AP-1 pathway, which induces cell division, and to the secretion of TNF-
alpha (and the expression of its receptor) by mesothelial cells and by nearby macrophages
exposed to asbestos [18]. In mesothelial cells, TNF-alpha signaling through NF-kappaB
activation prevents apoptosis and cell death, allowing mesothelial cells to survive the
genetic damage induced by asbestos and divide. In addition, mutagenic oxygen radicals
released mainly by lung macrophages may contribute to asbestos carcinogenesis. Very
recent results indicate that mineral fiber carcinogenesis can be influenced by genetics and
microbial infections [19]. Genetic susceptibility to the mineral fiber erionite has been
demonstrated in some Turkish families and causes a malignant mesothelioma epidemic in
Cappadocia, Turkey. In these mesothelioma families, exposure to minimal amounts of
erionite or asbestos appears sufficient to cause mesothelioma. Recent results demonstrate
that SV40 and crocidolite asbestos are cocarcinogens and that, in the presence of SV40,
significantly lower amounts of asbestos suffice to induce malignant mesothelioma [55].
These findings indicate that the risk varies among asbestos- and erionite-exposed
individuals because of their genetic background or because of exposure to other
carcinogens. Moreover, these data provide a rationale for the observation that only a
fraction of heavily exposed asbestos workers developed mesothelioma, and novel targets for
prevention and therapy.

How the fibers reach the testicular area has yet to be determined, but it is understood that
asbestos fibers can cause tumors to form in that region of the body. While there is
currently no theory to explain why asbestos exposure might cause a primary tumor to
develop in the testicles, it is understood that once the asbestos fibers are in the body, they
can become lodged in organs and cause inflammation or infection that can result in the
development of mesothelioma. The fibers cause cancerous cells to divide abnormally,
causing build up of fluid and the development of tumors. Once cells have become
cancerous, they are no longer able to regulate their own cycles of growth and division. A
primary tumor that develops in the testicle is formed from cancerous cells that divide
without restraint, which causes the thickening of the tunica vaginalis and can eventually
lead to the formation of tumors.

Thus, the etiology and pathogenesis of testicular mesothelioma to date until the end are
unknown, although there are various factors that may influence for the occurrence of the
disease, and may play a significant role to asbestos and its derivatives, and these issues
require careful further study on the modern level.
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5. Pathological anatomy: The macroscopic and cyto-histopathological
features

Serous membranes in general, and the testicular membranes, in particular, are difficult to
built connective tissue membranes, which have a rich network of blood and lymph vessels,
and their surface is covered by one layer of mesothelial cells - mesotheliocytes located on the
basement membrane.

Like any cancer testicular mesothelioma can be categorized generally into two types
according to the type of cancerous cells. These are benign mesothelioma and malignant
mesothelioma. The former one is a non cancerous condition while the latter is the more
dangerous one as it spreads to other body parts. The first is the so-called adenomatoid
tumor of genitals (mesotheliomas of sex organs), as well as fibrous mesothelioma. All other
types of mesotheliomas, including localized in the large serous cavities are malignant.

In International histological classification of tumors of the testis number 16, in section VII
«"Tumors of the straight tubules, network testis, epididymis, spermatic cord, the capsule,
supporting structures and vestigial structures" under the letters "A" and "B" are introduced
such titles as "Adenomatoid tumor" and "Mesothelioma", respectively [48, 49]. According to
the international histological classification of tumors of soft tissue Ne 3 distinguish
predominantly epithelioid, predominantly fibrous (spindle) and a two-phase form of benign
and malignant mesothelioma [46, 47]. In the modern classification of tumors of the urinary
system and male reproductive organs and tumors of the lung, pleura, thymus and heart
differentiate the: diffuse malignant mesothelioma and its types - epithelial, sarcomatoid,
desmoplastic, biphasic (a combination of epithelial and sarcomatoid features) and localized
(nodal) [106, 107]. It should be noted that macro-and microscopic pattern of testicular
mesothelioma is usually no different from similar tumors of other localizations.

Adenomatoid tumor is often benign, usually unilateral tumor of the epididymis , sometimes
of the testicular tunica albuginea, which is about 69% of all cancers of the epididymis, but
they can meet as malignant analogues of neoplasms [56]. Macroscopically, it is represented
by an encapsulated, rarely plaque-like node in diameter from a few millimeters to 5 cm,
consisting of soft or compact tissue, ivory. The tumor is usually detected in the lower pole of
the epididymis, most of the right testicle. The histological pattern is the same everywhere. It
does not depend on the location, but depends on the phase of the tumor development.
Golovin [35] distinguishes the epithelial, endothelial-like, and fibromatous stage. At the
epithelial stage the tumor is represented a conglomerate of small tubules lined by mostly a
cuboidal epithelium. The next stage is characterized by a unique, peculiar only to the tumor,
changes in the epithelial cells that vacuolating, flatten and become similar to endothelial (or
mesothelial) elements. The last stage is "strangling" of the parenchymatous elements by
growing fibrous tissue with an admixture of smooth muscle fibers, the tumor becomes a so-
called fibroma, in which only here and there is saved the remnants of the adenomatoid
structures. The fibrous stroma may be by hyalinized, there is lymphoid infiltration. Often
seen the smooth muscle elements, which should not be seen as a sign of invasion [34].
However, the confusion that reigns in the literature about its supposed histogenesis and,
consequently, the classification provisions still exists. As potential sources of tissue called
the endothelium, mesothelium and derivatives of mezonefron and miillerian remnants of
moves (adenomatoid tumors in the fallopian tubes) [59]. Most of the authors believe the
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most likely the mesothelial origin. Hence the another name - a benign mesothelioma of
genital tract. Thus adenomatoid tumor and testicular mesothelioma, as would put on an
equal footing, that is totally unjustified and could only lead to confusion. These two tumors
anything among themselves do not have any clinical behaviour, histological pattern or
histogenesis. If true mesothelioma develops in the mesothelium covering the testicular
membranes, then adenomatoid tumor because of its epithelial nature, it is obvious in the
early stages of development - most likely from embryonic remnants or Wolf and Miillerian
duct. Therefore, these tumors are confused and unite under one name can not be. Testicular
mesotheliomas grow diffusely in the form papillae, causing dropsy, the cytoplasm of tumor
cells is not vacuolated, tumors never exposed to total fibrosis. Adenomatoid tumors
originating from the testicular membranes, do not grow diffusely, but as a node, the
papillary structures do not form, the dropsy do not give, their cells have characteristic large
vacuole; tumors over time are converted into fibroma, leiomyoma rarely [35].

Squamous cell carcinoma and adenocarcinoma in the area of testis epididymis and
spermatic cord are extremely rare and do not have here any special clinical and
morphological features that distinguish them from similar tumors at other sites [59].

In addition to the adenomatoid tumor which are viewed as a derivative of the mesothelium,
is the tumor proliferation of mesothelium benign or malignant nature, but sometimes the
differences between the two tumors is very difficult to establish [23]. The tumor must also
distinguish between hyperplasia, often papillary, and desquamation of the mesothelium in
inflammatory lesions [49]. From the testicular membranes may develop benign mesothelial
tumors. In rare instances in the testes mesothelium can be a source of papillary tumors. The
structure of these tumors resembles that of similar tumors originating from ovarian
membrane[34].

The type of benign mesothelioma is the non cancerous form of the mesothelioma and is rare
[108]. Recently it was referred to as the "solitary fibrous tumor." It is not a cancer itself but
can develop into cancerous forms. The benign mesothelioma usually starts in the sub
mesothelium layer that lies beneath the mesothelium of the testicular membranes.

The structure of benign mesotheliomas is rather monotonous [105]. On the connective tissue
basis with small lymphoid cell clusters are highlighted a cellular bands of the solid structure
or in the form of tubes, closely contacting each other, anastomosing and branching. In the
interstitial tissue are sometimes found smooth muscle fibers. Careful examination of the
tumor proves that solid cell bands and tubular structures are a continuation of the same cell
formations. Tumor bands are surrounded by argyrophilic frame and formed large cells with
acidophilic cytoplasm and large round nucleus with a centrally located nucleolus.
Sometimes the tumor bands are soft and formed a single row of cells, sometimes bands are
wider and consist of several rows. In this case there may be gaps that have irregular shape
and are always formed between the tumor cells in tumor bands, rather than between them
and argyrophilic frame. These gaps include the slightly mucikarminofil liquid. The gaps
may expand and connect with each other, and the cells on the edge of the gap are first cube,
and then acquire the endothelial form. The cellular bands turn into tubes. Some cells are
separated and placed in the cavity gaps. Depending on the case and the location, as well as
in different parts of the same tumor may dominate the solid cellular bands or tubular
formation. In the latter case, the tumor resembles and is often mistakenly regarded as a
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lymphangioma. This similarity is enhanced by the presence in the interstitial tissue of the
lymphoid clusters. Proof of their origin is the mesothelial brush fringe lining the cavity. A
detailed study revealed that the apical surface of endothelial-like cells is not smooth, like
endothelial cells, and is provided with a cuticular border and even ciliate formations. No
similar formations in vascular endothelium and they are unique to the mesothelium. Can
thus be considered reliable, such that tumor formation is not lymphangioma, and certainly
not with cancer, and a benign mesothelioma. It still remains to clarify why only
mesothelium of genital tract leads to such tumors [26, 27, 68, 69].

Fibrous mesothelioma is a slowly growing, well-delimited node (no more than 3 cm in
diameter) has a conical shape, the apex is directed upwards along the spermatic cord, grow
together at the base of the epididymis, a very dense, layered on the section, whitish or light
brownish. Only in tissue culture can prove the mesothelial origin of the tumor cells. On
histological pattern, it has the structure of fibroma, rich in cellular elements, so it is called
fibrous mesothelioma [26, 27, 68, 69, 96]. The structure of malignant mesothelioma in its
main features is everywhere the same and different only in its details of macroscopic pattern
and clinical course associated with the anatomical features of each serous cavity [13, 75].
Macroscopically, the tumor is in the form of a dense infiltrate, causing a dramatic thickening
(2-3 cm, and sometimes more) of the serous membranes in a limited area or extends to the
entire parietal and visceral sheets of the tunica vaginalis surrounding the body in the form
of the shell, sometimes has the form of the mild delimited node from 0.5 to 6 cm oval, or
merging several nodes with the villous surface resembling moss, destroys the epididymis
and causes the testicular atrophy. It is white, yellow or brownish color, granular, often
crumbles easily, in its upper part can move in the spermatic cord, and lower - in the
epididymis [26, 27, 79]. In the thicker of infiltrates and nodes is a lot of cracks and cystic
cavities with serous, bloody or cloudy mucus content. In the serous cavity, if it is not
obliterated, accumulated serous or hemorrhagic exudate, often in large quantities [96].
Mesothelioma is prone to rapid dissemination through the lymph vessels of the serous
membrane, resulting in the latter occurs tumor 'lymphangitis' and formed the small nodular
lesions. Typical regional and distant metastases in lymph nodes, namely, inguinal, iliac and
para-aortic. Hematogenous metastases is usually not excessive, but it may metastasize to the
lungs, liver, kidneys, heart, bone, brain, thyroid, adrenal gland, skin, soft tissue. The tumor
may grow into other body, mainly on the connective tissue interlayers with the formation in
it of small nodules and tumor brands, but the invasive growth is not typical for
mesothelioma, it has the exophytic growth in the thickened serous membrane. In the
presence of a large tumor node in the body is always an assumption to metastatic lesion of
serous membrane.

Microscopic pattern is expressed in the appearance of papillary, solid, alveolar, glandular
(tubular), cystic, myxomatous, fibrous, perithelial, sarcomatoid and angioma-like structures,
which in some cases may dominate [74, 80, 101, 115]. All this creates considerable
polymorphism of the microstructure of the tumor [96]. The types of malignant tumor or
cancer cells involved in the development of mesothelioma are of three main types namely
epithelioid, sarcomatoid and mixed or biphasic cells [46, 106]. Among the most frequent
histological variants of mesothelioma is epithelioid (50-70%) as a set of buds with delicate
gripping growths covered with prismatic, cubic or polygonal cells with pale vacuolated
cytoplasm and with evidence of cellular polymorphism, hyperchromatosis of the nuclei, the
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presence of pathological mitoses and giant cells, as if spun from each other, that is, in our
opinion, the pathognomonic morphological sign of mesothelioma, and for which can not be
wrong [115]. The other type is sarcomatoid which is much more serious than the epithelioid,
and it affects the secondary tissues including the bone, muscles, cartilage or fat [94]. This
type of cancer cell is a much more rare type that occurs in 7-20% of the cases. Mixed
(biphasic) refers to both types of cancers that occurs simultaneously, and making up the rest
of the 20-35% of the mesothelioma cases that are reported. A feature of the tumor is large
variety of morphological structure, as well as the ability to form structures characteristic of
both epithelial and connective tissue for growth. Connective tissue differentiation is less
common than epithelial. It is expressed in the transformation of mesothelial cells into
elongated elements, such as fibroblasts, which are formed into bundles, severed in various
directions. Between the tumor cells are elongated in one way or another including
argyrophilic and collagenous fibers. Tumor cells were clearly involved in their formation.
These special morphogenetic potency are disclosed already in conditions of inflammation
and tissue culture [26, 27]. Histological structure of the epithelial type of mesothelioma is
typical enough: they are not similar to any other epithelial tumors and are recognized easily
[76]. Connective tissue options is more difficult to distinguish from fibrosarcoma. And they
both consist of elongated cells that produce collagen fibers. But fibrosarcomas are small-
spindle-cells tumors and relatively rich in mitoses, whereas fibroblasts of mesothelial origin
differ by polymorphism and this polymorphism in a strange way contrasts with the paucity
of mitoses. In general, cells of all types of mesotheliomas is rarely share by mitosis and is a
valuable diagnostic feature.

In the study of tumors of this region has to overcome some difficulties to determine their
exact location. Of course, when the tumor is small and not adherent to surrounding tissues,
then we can easily establish that it is within the epididymis, spermatic cord, or testicular
membranes. But often fall into the hands of a pathologist large tumors that were released
outside the body in which they are evolved, and spliced to the surrounding tissues. In such
cases, the localization can be expected speak only. This circumstance creates a condition
where in each case it would be better to speak in favour of mesothelioma of paratesticular
zone, but without precise localization. However, I would like to focus on those cases where
the tumor location is beyond doubt.

According to Klimanova [54], the cellular composition of the exudate with mesothelioma in
each case differs significantly by originality, but on aggregate the most of common
cytomorphological features all cytograms can be summarized in three main groups. When
cytograms having a picture of glandular cancer, tumor cell elements are arranged as a
circular complexes, rosettes, and glandular-like and papilla-like structures, clusters and
isolated. According to the degree of polymorphism and anaplasia of tumor cells in each case
the cytograms are somewhat different. However, as a rule, the cell structure consists mainly
of rounded cells, there are cubic and prismatic cells. Sometimes there is a sharply
pronounced nuclear and cellular polymorphism, in the cytoplasm along with the large cells
are small and giant cells, the latter are often multinucleated. Cell nuclei predominantly
round and oval, of different sizes, coarse-grained chromatin pattern or small-grained,
sometimes thin with non-uniform illumination. Sharply hypertrophied nucleoli are seen in
the nuclei. With a low differentiation of cellular elements the cytogram looks more
monomorphic, since the basic number of elements are rounded cells of medium size with a
narrow zone of basophilic cytoplasm.
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Among cytograms of mesothelioma, like cytograms for regenerative proliferative processes,
can be identified two types. When one of these cellular elements are very similar to the
lining of a serous cover under physiological conditions, and only the abundance of them in
the exudate indicates a pathology. The cells are arranged as a vast, one-layer clusters, bands,
and layers, are enlarged to the round, polygonal and elongated shape. Signs of atypia of the
cellular elements are expressed mild. However, there are discomplexation of nuclei, their
polymorphism, the uneven pattern of chromatin (granular or small-grained with broad
achromatic zones). The hypertrophied nucleoli are visible in the nuclei. In part of the nuclei
with large size have revealed signs of severe dystrophy. In the second form of mesothelioma
cells cytograms by location is very similar to the elements of a well differentiated glandular
cancer or of proliferating mesothelium. They are mostly round-shaped, medium sized, form
a round, or similar to the papillae complexes, glandular-like structure, rows and clusters of
other shapes. Enlarged cell nuclei are located centrally and eccentrically, the cytoplasm is
colored differently intensively, smile-grained or fine-vacuolated.

In cytograms of mixed type are present both epithelial and connective tissue cells. Epithelial
cells are arranged in the form of the layers, papilla-like, glandular-like structures, and
clusters and isolated. They are the same type, mostly rounded, sometimes cubic, vary
considerably in size. Cell nuclei are rounded or oval shape of various sizes, located centrally
or eccentrically. The structure of chromatin in some nuclei are uniformly grained, in other
small-grained. Many nuclei are hyperchromatic, some of them contain the hypertrophied
nucleoli. The cytoplasm surrounds the nucleus in a narrow or wide rim, is stained unevenly.
In some cells more intensely it is stained in the center around of the nucleus, the other
reveals a bright ring in the middle of the cytoplasm. There are cells with the morphological
characteristics of secretion (the signet ring cell is a cell type with a narrow intensively
stained rim of the cytoplasm, which surrounds the vacuole filled with grainy masses of
secretion). The cells form of connective tissue similar to the fibroblasts or fibrocytes, are
arranged in bundles, bands, clusters and isolated. They are small in size, of the spindle or
elongated shape, often with spines of different lengths. The cell nuclei are of round and oval
shape, average sizes, sometimes large. Many nuclei are hyperchromatic stained, with
irregular contours and uneven chromatin pattern. The cytoplasm of most cells are stained
weakly basophilic, granular or has bands. Both types of cellular elements (epithelial and
connective tissue) as is mixed in cytogram and often formed intimately the interrelated
clusters. Cytologic differential diagnosis of mesothelioma in exudate is very difficult Most
often, the cytogram has a pattern of the glandular cancer. Suspected mesothelioma, in this
case can only be a careful examination of the entire cellular composition, when I find an
abundance of cells and different cell groups, characteristic of epithelial tumors, some types
of connective tissue cells and structural formation of them. It should be noted that the
mesothelioma even with sharply expressed atypia cells has elements similar to proliferating
or dystrophic mesothelium. Especially valuable if all three types of cellular elements
(specific to cancer, similar to the mesothelium and the connective tissue nature) are in close
contact, and often in direct connection. In the absence of pronounced signs of mesothelioma
cells atypia have many similarities with their mesothelium in able of regenerative
proliferation, diagnosis can be made only when taken into account the clinical data for this
disease.
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Cytological diagnosis of mesothelioma is set in the mixed cellular composition of cytograms
if, in addition to the cells and structures of the epithelial type observed a large number of
fibroblastic cells type and structures with the nature of the connective tissue growth.

Thus, in accordance with the macroscopic, histological and cytological study of tumor
substrate of paratesticular zone are released the benign and malignant mesotheliomas, cyto-
histological pattern which it is extremely polymorphic and not always pathologists,
experiencing the considerable difficulties, can reliably determine their precise localization,
namely, the testicular membranes, spermatic cord or its epididymis.

6. Clinical data: Signs and symptoms

Clinical picture is made up of symptoms caused by the presence of the primary
paratesticular tumor and its metastases, or a combination thereof [92]. Mesothelioma
originating from the serous membranes of the testis, epididymis or its spermatic cord,
accompanied by increased and in most cases combined with a hydrocele [28, 83, 100].
Initially the testicular tumor is asymptomatic. The speed of its development is uncertain.
However, most often asymptomatic tumor growth lasts no more than 1-2 months. The most
frequent symptoms of primary paratesticular tumor are pain, increasing in size or swelling
of the body with the appearance of palpable tumor in their formation. With the growth of
tumor the testis increases, it becomes dense, lumpy due to the appearance of testicular
lumps, which are pathognomonic diagnostic symptom of testicular mesothelioma, and later
joins the adhesion process associated with the skin of scrotum [57, 95]. The increase of the
testis as the main and only symptom noted in 54% of patients. The pain is the result of a
significant increase of intratesticular pressure, germination of the tunica vaginalis of testis or
elements of the spermatic cord and is often a sign of far-gone of the disease. Acute pain in
the testicle and his the increasing simulate the clinical picture of acute epididimoorhit, the
accession of hydrocele in 10% of the cases is typical for tumor lesion. The pain may radiate
to the groin, thigh and lower back before the emergence of metastases. In 5% of cases the
only symptom may be pain in the back. Often the symptoms associated with the presence of
metastases predominate over local symptoms of the testicular lesion. Thus, severe pain in
the back may indicate to an increase in the retroperitoneal lymph nodes, which squeeze the
nerve rootlets, or to the involvement in the process of the psoas muscle. Often there are
gastrointestinal symptoms (nausea or vomiting, diarrhea, abdominal pain), loss of weight,
fatigue, muscle weakness, and sometimes in the abdominal cavity on palpation is revealed a
tumor. The spread of the tumor above the diaphragm can lead to the discovery in the left
supraclavicular area of the visible tumor masses and to the complaints of shortness of
breath, chest pain, cough, hoarseness, and heart palpitations.

7. Diagnosis and differential diagnosis

The rarity of the testicular mesothelioma makes it extremely difficult to diagnose [61].The
primary malignant neoplasm of the testis serous membranes, its epididymis and the
spermatic cord is very difficult for intravital diagnosis, not only in earlier, but in the later
stages of the disease. In addition, the diagnosis of mesothelioma is imperfect, usually
heavily delayed and it is no accident that this tumor remains an enigma for the oncologist
[53]. The cancer typically progresses to the later developmental stages before the patients
learned of their diagnosis in the documented cases of the testicular mesothelioma.



Mesotheliomas — Synonyms and Definition, Epidemiology, Etiology,
60 Pathogenesis, Cyto-Histopathological Features, Clinic, Diagnosis, Treatment, Prognosis

Its an accurate diagnosis is obtained at best from pathologic study of resected tumor and at
worst from postmortem examination [114]. A combination of clinical, X-ray, laboratory, and
instrumental techniques is used to make the diagnosis. The diagnosis should be based
primarily on the exclusion of the primary tumor in various internal organs, and first of all,
lung, stomach, pancreas, gall bladder and others. The diagnosis is based on precise
localization of the tumor and the availability in it of ciliated epithelial cells (primitive cells of
the coelom), while using the testicle self-examination can be established an early diagnosis
of the testicular cancer. Be that as it may be, any tumor in the testis should be considered as
a possible his cancer, and every patient with suspected to a malignant tumor of the testicular
region should be examined promptly by a surgeon-urologist, or oncologist. Diagnosis is
made up of data history, physical examination, palpation, laboratory tests, radionuclide
diagnostics, ultrasound, positron emission tomography, remote infrared thermography,
magnetic resonance imaging for detection of metastases and a biopsy [39]. The palpation
study is the first diagnosis stage of testicular mesothelioma. With continued examination the
doctor should carefully to investigate the status of inguinal, abdominal, supraclavicular, and
other lymph nodes accessible to research, to draw an attention to the breasts to detect a
possible gynecomastia. Transillumination, which allows to distinguish a tumor that does not
transmit light from a cyst filled with fluid, refers to an affordable and highly informative
survey techniques [3]. In all patients with suspected to the testicular malignant tumor is
necessary to conduct an ultrasound of the scrotum [70]. An ultrasound is a noninvasive and
relatively inexpensive method, and accuracy of study in testicular tumors is very high and
reaches 90% [14, 25]. Testicle ultrasound is used for differential diagnosis of testicular
tumors and other diseases, such as epididymitis. However, basing a diagnosis solely on
ultrasound imaging can not, because based on the results of the study can not clearly
differentiate tumor from inflammation. Magnetic resonance imaging is more accurate
method, but because of the high cost is not always used in routine practice. Nevertheless, in
some observations the magnetic resonance imaging should be used to resolve disagreements
arising between the ultrasound and physical examination [6]. Cytological examination of the
tumor punctate has supporters and opponents. The puncture of the tumor is a danger of its
dissemination. In addition, the puncture biopsy does not give the full picture of the
morphological features of the tumor, but negative cytology does not exclude the existence of
neoplasms. However, in recent years strengthened the view that the puncture in suspected
testicular tumor is very valuable, simple and harmless study [1, 52]. Hydropic fluid from the
testicular membranes should be subjected to compulsory cytology. Radiacal orchiectomy
with subsequent histological examination of obtained material allows to diagnose a
testicular tumor.

After identifying of the primary tumor is necessary to determine the stage of disease in the
light of the lesion of lymph nodes and presence of distant metastases [73]. Computed
tomography is the most accurate method of determining the lesion of the lymph nodes,
mainly retroperitoneal. However, be aware that 25-30% of patients with testicular tumor
and the absence of data computed tomography showing the lesion of the lymph nodes, and
morphological study revealed the microscopic metastases in the last. Other frequently used
methods of diagnosis of retroperitoneal lymph node metastases are cavography and
lymphangiography. With a significant increase of retroperitoneal lymph nodes in the
excretory urogram is possible to detect a displacement or compression of the ureter. The
lungs are the most frequent localization of distant metastases of testicular tumor. To identify
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them it is need perform not only lung X-rays in two projections, but also computed
tomography of the chest, allowing to detect metastases in diameter up to 3 mm [26].
Metastatic liver lesions can be detected by ultrasound and scintigraphy of the liver, and the
presence of metastases in the brain of an informative role in the diagnosis is given of
magnetic resonance imaging. Experts are reserved to the primary tumor biopsy, and with
great enthusiasm to the removal of metastases for histological examination. So much activity
can be explained by three reasons. First, the biopsy helps to determine the extent of
distribution of the tumor process. Secondly, if you delete metastasis, in addition to
histological examination, it is possible that he was single and, of course, the procedure
would be of great benefit to the patient. Third, the histological study of metastasis, despite
the fact that there is a conclusion of the primary tumor, can make a change in the
morphological verification of diagnosis, and consequently in the nature of the treatment.
The task of staging process is to determine the prevalence and nature of both the primary
tumor and its metastases. The level of serum markers of human chorionic -gonadotropin,
a-fetoprotein and lactate dehydrogenase to be determined in pre-and postoperative period,
and in the future - with weekly intervals. The situation in which after the operation the level
of a-fetoprotein and human chorionic P-gonadotropin is not normal, indicates the
prevalence of the disease, which makes justified those serological tests. In this case, shortly
after radical orhiectomy should be performed computed tomography (an advantage of
magnetic resonance imaging has not yet proved) of the chest, abdomen and pelvis. When
using classification by the TNM system is required histological confirmation of the diagnosis
[8]. Histological verification of both mature and immature mesotheliomas is very difficult.
Histogenesis and morphology of testicular tumors can be reliably determined only by
histotopographical, and sometimes even serial sections. Therefore, the best way to
determine the diagnosis is to obtain a tissue sample from the area. The sample may then be
biopsied and examined for the presence of cancerous cells. Once a diagnosis is confirmed,
the patient will be referred to an oncologist to determine a course of treatment.

Differential diagnosis between mesothelioma and their simulating metastatic tumors is
based on the combined of anatomical, histological and clinical data. On the basis of a
microscopic examination of mesothelioma from adenocarcinoma is difficult to differentiate
[2]. In the analysis of the microstructure is of great importance to the presence of
polymorphism of the tumor areas resembling to the angioendothelioma, spindle-
polymorphocellular sarcoma, etc., which is not characteristic of cancerous tumors. The
structure of mesothelioma is also unlike to any the testicular disgerminoma. The latter has a
pronounced solid-alveolar structure, and is too small glandular differentiation, to assume
that it occurs in the epididymis or testicular tubules [26].

Recently, using different immunohistochemical markers for mesotheliomas, in particular,
they are positive for cytokeratin, cytokeratin 7, y-glutamylcysteine synthetase, vimentin,
mesothelin, epithelial membrane antigen, thrombomodulin, calretinin, and mesothelial
antibody, whereas mesotheliomas are negative for cytokeratin 20 and carcinoembryonic
antigen [24, 50, 65, 112]. However, it is not always and not all the conventional tumor
markers allow you to make a diagnosis [16, 97]. For example, the carcinoembryonic antigen,
usually is determined at low concentrations, whereas, the tissue polypeptide specific
antigen and the cytokeratin fragment 21-1 are identified only occasionally in high
concentrations. Differential diagnosis of testicular tumor have to spend with specific and



Mesotheliomas — Synonyms and Definition, Epidemiology, Etiology,
62 Pathogenesis, Cyto-Histopathological Features, Clinic, Diagnosis, Treatment, Prognosis

nonspecific inflammatory diseases of the testis, as well as with a hydrocele, hematocele,
hematoma, hernia, and testicular torsion [66]. Tuberculous orchitis is confirmed by the
tuberculous lesion of kidney, prostate, seminal vesicles. The gender history and
Wasserman'reaction have an important role in cases of suspected syphilis in the testis. If you
suspect a diagnosis of brucellosis orchitis is specified by the agglutination test, at Wright-
Haddlson, complement fixation reaction with allergic intracutaneous test. In doubtful cases,
for the differential diagnosis of chronic orchitis and testicular tumor is shown holding of an
emergency open biopsy on the operating table. Accurate diagnosis can be made using the
immunohistochemical typing with the use of monoclonal antibodies, as well as the method
of tissue culture.

Thus, the difficulty of the diagnostic process in the diagnosis of testicular mesothelioma is
obvious. Therefore, a breakthrough in improving its diagnosis should be sought in the
widespread institutional arrangements, consisting in close collaboration of the various
medical specialties in specialized medical centers a qualitatively of new level.

8. Treatment

Over the past two decades in the treatment of testicular cancer has been quite remarkable,
resulting in 5-year survival rate in the U.S. and Europe has reached 90-95% [3, 31]. However,
in many countries rates of 5-year survival rate is much lower. In Russia (St. Petersburg), 5-
year survival rate for patients with testicular cancer is 73%. In the treatment of testicular
mesothelioma distinguish 3 main methods: 1) the operation, 2) radiation therapy, and 3)
chemotherapy. Often, depending on the tumor stage is used combined (multimodal)
treatment with two or all three methods, which is recommended, particularly, for the
treatment of diffuse mesothelioma [109]. Approaches to treatment are being developed for
neoadjuvant therapy with cytokines only in the early stages. Operation is possible only in
the early stages of the disease [102]. Treatment is surgical of adenomatoid tumors, usually
with a good prognosis. Radiation therapy is used mainly with palliative purpose. Radiation
may be used if the patient's health cannot withstand a major operation. The treatment of the
testicular tumors depends on several factors including the histological structure of the
tumor, stage of disease, the presence of contralateral testicular damage and general state of
the patient and his opinion. The main problem is the timeliness of treatment and the
sequence of preoperative radiation execution, the remove of the primary tumor, the
diagnostic and therapeutic lymphadenectomy and the chemotherapy effects in the cancer
institutions [21, 98]. Malignant mesothelioma is difficult to treat, because it is not a
centralized tumor mass [72]. Mesothelioma tends to spread along nerves, blood vessels, and
surfaces. Because of this tendency to spread, multiple methods of treatment must be
employed to fight the cancer, and treatment is often unsuccessful if the cancer is in a later
stage.

The most common treatment option available for testicular mesothelioma is the removal of
the testicles, or a portion of it [40]. If the cancer has advanced very high, it may be necessary
to remove the entire testicles. Surgery can be performed to remove the cancer in addition to
radiation and chemotherapy. These methods are usually used to relieve symptoms related
to mesothelioma. Other treatment options available are chemotherapy or radiation therapy
[41]. Chemotherapy or radiation may also be suggested following surgery to kill any
cancerous cells that may remain. Radiation therapy will attempt to kill any cancerous cells
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in the testicles via the help of a high beam razor that directly targets tumorous cells. As the
successful schemes used chemotherapy for tumors of the testis recommend complex,
involving the use of cisplatin, mitomycin, vinblastine, etoposide, doxorubicin, bleomycin,
gemcitabine, and folic acid, which in combination are effective in 90% of cases [64].

If malignant mesothelioma is diagnosed in stage I of the disease, surgery is often used to
remove tumor masses. If mesothelioma is diagnosed during the initial stage, surgery will
usually be performed to remove the tumor. The use of chemotherapy and radiation after
surgery is still being studied to determine a good course of action for mesothelioma
treatment. In stages II and III, symptom relief is stressed because mesothelioma is often
incurable at this level of development of the cancer. Surgery to remove as much of the
cancer as possible is employed, as well as some chemotherapy and radiation. In stage 1V,
malignant mesothelioma spreads to organs distant from the original site of disease and
becomes impossible to cure. A hospice or supportive care is usually the best option for this
advanced form. The patient may also wish to try alternative methods of therapy for pain
relief, including acupuncture. In addition, testicular mesothelioma tends to recur within a
few years, even in cases where tumors are surgically removed [58]. It is also necessary to
remember that 1-3% of patients with testicular cancer is the risk of cancer in the other
testicle. Therefore, it is necessary to improve methods of treatment to reduce the frequency
of relapses and worsening prognosis [88]. In this sense, periodic surveillance and screening
are important in patients with testicular cancer. With a view to early detection of tumor
recurrence must regularly determine the levels of tumor markers such as alpha-fetoprotein,
human chorionic p-gonadotropin and lactate dehydrogenase. Moreover, it should be
regularly assigned to X-rays of the chest and the appropriate methods of radiological
investigations to detect recurrence, metastases or occurrence of multiple primary tumors.

It is always necessary to remember that in the course of treatment for testicular
mesothelioma or after may occur the following complications [25]:

1. Practically in all patients with radio-and chemotherapy leads to oligospermia. Many
observations of spermatogenesis recovered in 1-2 years and 2 years after chemotherapy
with one testicle preserved the ability to fertilize are generally returned.

2. Chemo-and radiotherapy increase the risk of secondary leukemias. The greatest risk of
leukemia (0.5% in 5 years) has been established for patients receiving etoposide.

3. Nephrotoxicity. During chemotherapy with platinum drugs may be a slight decrease in
creatinine clearance - on average by 15%.

4. Ototoxicity. Decreases mainly the perception of sounds with a frequency of 4.8 kHz, ie
not spoken frequency.

5. Retrograde ejaculation. Occurs as a complication of retroperitoneal lymphadenectomy
due to standard intraoperative intersection of sympathetic pathways, providing a reflex
contraction of the bladder neck during ejaculation.

6. The development of secondary tumors. Established higher incidence of stomach cancer,
bladder and pancreas.

Thus, treatment in testicular tumors developed in some detail, but research in this area are
continuing. The main areas of focus are to develop the optimal treatment strategy of
residual retroperitoneal tumors after chemo- or radiation therapy, treatment of patients with
bilateral tumors and cancer of the single testis, more efficient treatment of chemoresistant
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cancer. Given the rarity of the disease, it is advisable to carry out the treatment in the
specialized cancer institutions that have experience in treating such patients. For each
method of treatment are possible complications that may persist for several months.
Knowledge of therapy complications may help to fight them. Currently, there is intensive
development of promising new methods of treatments, like gene therapy, photodynamic
therapy and immunotherapy, which are the subject of clinical studies and that really can
qualitatively change the suffering of the patients with testicular mesothelioma in the near
future.

9. Prognosis

Testicular malignant mesothelioma is considered to be a very clinically aggressive form of
cancer, spreading quickly [86, 103]. Because of this, the prognosis for a patient with this
form of mesothelioma is often poor [73, 93]. However, the prognosis depends on factors
such as age, macro-microscopic version, stage of disease, intercurrent illness. Severe
intercurrent diseases, stage 3 and 4, diffuse form and sarcomatoid or biphasic types of
testicular mesothelioma and advanced age are associated with a poor prognosis [38]. The
median survival after diagnosis of testicular mesothelioma is 1 year and five-year survival is
10%. Most patients die within 2 years after their diagnosis. In the U.S., a 5-year survival rate
for mesothelioma patients is 28%. In Russia the figure is 23%. Out of all types of testicular
cancers, the survival rate after ten years is around 98%.

Thus, the prognosis for testicular mesothelioma in the light of certain factors set forth above
are generally unfavorable, and the determination of histological variants of tumors has
important prognostic value in relation to anything other than light microscopy in the
diagnosis of mesothelioma are commonly used methods of immunohistochemistry and
electron microscopy.

10. Conclusion

From this analytical review of the world literature implies that the testicular mesothelioma
is a mysterious and rare tumor originating from mesotheliocytes, covering the serous
membranes of the testis, epididymis and spermatic cord with an unknown etiology and
pathogenesis, a poor clinic and prognosis, and as a rule, of the late diagnosis, in spite of
intensive development and application of new methods of diagnosis and treatment in recent
years. The speed of the correct diagnosis establishing, prevention and treatment of the
testicular mesothelioma depend on the attention to the health of the patient's cancer,
oncological vigilance and art of a doctor, from the provision of modern medical equipment,
from a qualitative immunohistochemical, immunophenotypical and cytogenetic studies
with the use of modern medical and computer technologies and techniques, as well as on
the creation in all highly developed countries of the united, up-to-date, organizational,
methodical, consultative, and statistical centres on studying human pathology at a
qualitatively new level - the national centres of pathology, in which multiple studies on the
etiology, patho-and morphogenesis of tumors, and in particular, mesothelioma testis, and
also analysis of the intravital diagnosis of the character of pathological processes according
to data of cytologic, biopsy and autopsy banks with the help of modern computer and
telecommunication technologies would be carried out.
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1. Introduction

While the pleural and pericardial forms of malignant mesothelioma account for the majority
of cases, this tumor has important and often overlooked urological implications.
Embryologically, the vaginal process is an evagination of the peritoneum and indents the
scrotal swelling to form the inguinal canal. During migration from the abdomen, the testes
are covered by reflected folds of the vaginal process and subsequently form the visceral and
parietal layers of the tunica vaginalis. Given this continual lining of epithelial cells of
endodermal origin, the potential for transformation into malignant mesothelioma is possible
from the peritoneal cavity to the tunica vaginalis covering the testis (Lane, 2001). Although
the majority of literature is dedicated to malignant mesothelioma of the tunica vaginalis,
relationships between other genitourinary organs and this disease have been described and
will be discussed. This chapter will focus on the epidemiology, physical examination
findings, diagnostic modalities, histopathologic analysis, treatment, recurrence rates, follow-
up guidelines and prognostic factors for male patients with genitourinary malignant
mesothelioma.

2. Malignant mesothelioma by genitourinary anatomic location
2.1 Tunica vaginalis testis

The most common urologic site of mesothelioma is the tunica vaginalis testis, accounting for
~1% of all mesothelioma cases (Attanoos & Gibbs, 2000) and the majority of urologic cases
(Plas et al.,, 1998). The tunica vaginalis is an embryonic evagination of the abdominal
peritoneum residing in the scrotum, and similar to thoracic mesothelioma, risk factors for
malignant mesothelioma include a history of asbestos exposure or a family member with a
history of asbestos exposure (may be present in up to 1/3 of patients) (Plas et al., 1998;
Vianna & Polan, 1978). Other possible etiological factors that have been suggested for
malignant disease include previous testicular trauma and hernia repair; however these
factors have not been corroborated (Amin, 1995; Antman et al.,, 1984). In the few cases
reported in patients in the first three decades of life, no history of asbestos exposure was
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reported in the patient or family and the etiological factor in these cases remains unclear
(Antman et al., 1984; Johnson et al., 1973; Jones et al., 1995; Linn et al., 1988; McDonald et al.,
1983; Plas et al., 1998; Stein and Henkes, 1986).

In their report of 74 patients, Plas et al. (1998) reported that the highest incidence of disease
is noted in the 6th and 7th decades of life, although 1/3 of cases have been reported in
patients less than 44 years of age. Among 16 patients identified in The National Cancer
Institute’s Surveillance, Epidemiology, and End Results (SEER) Program (2009) with disease
of the tunica vaginalis the mean age was 68 + 12 years with a range of 44 to 88 years.
Furthermore, 15 of these 16 patients were Caucasian, suggesting a possible race predilection.
No predilection for the right or left tunica vaginalis has been elucidated to date (Plas et al.,
1998), however two cases of malignant bilateral disease have been reported (McDonald et
al., 1983; Menut et al., 1996).

2.2 Spermatic cord

Malignant mesothelioma of the spermatic cord is an extremely rare tumor with less than 10
cases reported in the literature (Arlen et al., 1969; Leiber et al., 2000; Pizzolato & Lamberty,
1976; Silberblatt & Gellman, 1974; Tobioka et al., 1995; Torbati et al., 2005; Tuttle Jr et al.,
1977; Vyas et al., 1990) including 4 patients identified in the SEER database (National Cancer
Institute, 2009). Tuttle et al. (1977) have suggested that a mesothelial histogenesis of the
spermatic cord should not be surprising as the testis descend to the scrotum giving the
opportunity for nests of mesothelial cells from the urogenital ridge to implant along this
route. Furthermore the spermatic cord is in immediate contact with tunica vaginalis.

Men of all ages may be affected as cases from the literature have a median age of 46 years of
age (range: 37-60 years), while patients from the SEER Program have identified young (one
patient 11 years of age) and elderly patients (three patients >60 years of age). In all studies
reviewed from the literature and 3 of 4 patients identified in the SEER database presented
with right-sided disease, however due to the paucity of cases, any causal anatomic
relationship would be speculative.

2.3 Epididymis/testis

Although the literature does not explicitly report cases of malignant mesothelioma
confined to the true testis or epididymis (perhaps diagnosed and/or conglomerated with
malignant mesothelioma of the tunica vaginalis), the SEER database identified three
patients with disease of the epididymis and 12 patients with testicular disease between
1973 and 2007 (National Cancer Institute, 2009). Comparable to other urologic anatomic
sites, elderly patients are more susceptible (mean age - 59 * 21 years of age; median 65
years of age), however younger patients are not without risk (one patient 24 years of age).
Among 13 of 15 patients the database reported laterality of the lesion, 7 (54%) patients
had right sided and 6 (46%) patients had left sided lesions. Furthermore, 9 patients had a
reported tumor size, ranging from 0.9 to 11.2 cm (mean * SD, 3.9 + 3.2). Comparable to
disease of the tunica vaginalis testis, 14 of 15 (94%) patients with disease of the
epididymis or testis were Caucasian, further suggesting a race predilection for malignant
mesothelioma.



Para- and Intratesticular Aspects of Malignant Mesothelioma 73

3. Physical examination and diagnostic modalities

The majority of patients present to their primary care physician or urologist with a scrotum
that has been enlarging over the course of several months and patients typically receive a
preoperative diagnosis of hydrocele or testicular tumor (Figure 1) (Spiess et al., 2005).
Patients with spermatic cord disease commonly present with scrotal or inguinal swelling or
mass that may be assumed to be inguinal hernia and go undiagnosed for years (Leiber et al.,
2000).

Fig. 1. Preoperative ultrasonography demonstrating the testicle (T) and a paratesticular mass
(arrows - mesothelioma of the tunica vaginalis testis).

One of the most significant issues with managing patients with malignant disease is
accurate preoperative diagnosis [less than 3% of cases of malignant mesothelioma of the
tunica vaginalis (Plas et al., 1998)]. Although relatively nonspecific, typical sonographic
appearance of malignant mesothelioma is a paratesticular papillary excrescence or
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nodularity that is often associated with hydrocele (Boyum & Wasserman, 2008). Recently,
color Doppler sonography has emerged as a possible imaging modality for preoperative
diagnosis. Initial studies (Mak et al., 2004; Wang et al., 2005; Wolanske & Nino-Murcia, 2001)
documented an intratesticular mass that was hypovascular in comparison to surrounding
testicular tissue, and 2 recent cases (Aggarwal et al., 2010; Boyum and Wasserman, 2008)
report hypervascularity within a paratesticular nodule or stalk arising from the tunica
vaginalis. Thus, discrepancies in color Doppler sonography, whether hypovascularity or
hypervascularity of paratesticular nodules, may increase preoperative diagnosis of
malignant mesotheliomas (Klaassen & Lehrhoff, 2010).

4. Histopathology

Malignant mesothelioma of the tunica vaginalis comprise the histopathological reports to
date and are generally subclassified into epithelial type and biphasic or mixed type (Figure
2). Sarcomatous type is generally found in the pleural cavity however there has been one

Fig. 2. Malignant mesothelioma of the tunica vaginalis testis (Hematoxylin and Eosin stain
100x). The tumor is predominantly epitheliod, which is the most common histological type.
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reported case of this histological subtype for the tunica vaginalis (Eimoto and Inoue, 1977).
A large immunohistochemical profile by Winstanley et al. (2006) reported 18 cases of
malignant mesothelioma specific to the tunica vaginalis from the UK between 1959 and
2004. They found that all cases were positive for calretinin (Figure 3) and EMA, 16 cases
were positive for thrombomodulin, 15 cases were positive for CK7, 13 cases were positive
for CK5-CK6, and all cases were negative for CK20 and carcinoembryonic antigen (CEA).
Furthermore, tumors are characteristically vimentin positive (Figure 4) and MOC 31
negative (Figure 5). On gross examination, the tumor is usually poorly demarcated, with
intermittent firm and friable whitish and yellowish regions (Richie & Steele, 2007).

Fig. 3. Malignant mesothelioma of the tunica vaginalis testis staining positive for calretinin
(100x).



Mesotheliomas — Synonyms and Definition, Epidemiology, Etiology,
76 Pathogenesis, Cyto-Histopathological Features, Clinic, Diagnosis, Treatment, Prognosis

Fig. 4. Malignant mesothelioma of the tunica vaginalis testis staining positive for vimentin
(100x).
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Fig. 5. Malignant mesothelioma of the tunica vaginalis testis staining negative for MOC 31
(40x).

5. Treatment

Intraoperative or postoperative diagnosis of malignant mesothelioma most commonly
results in inguinal orchiectomy, orchiectomy, or hydrocele wall excision of the tumor
(Figure 6).

In their review of 74 cases of malignant mesothelioma of the tunica vaginalis, Plas et al.
(1998) reported first-line surgical approach (available for 62 patients) as inguinal
orchiectomy in 26 patients, orchiectomy in 19 patients, resection of hydrocele wall in 15
cases and individual cases of hemiscrotectomy and local excision of the tumor. Following
histologically proven malignant mesothelioma inguinal orchiectomy was performed as a
second procedure for 14 patients and hemiscrotectomy in 12 patients (Plas et al., 1998).
Furthermore, lymphadenectomy was performed in 17 patients (N=8 retroperitoneal, N=5
inguinal, N=4 iliac) with evidence of metastasis in 11 of these patients (Plas et al., 1998). Fifty
of 51 patients identified in the SEER database (National Cancer Institute, 2009) underwent
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surgical excision of the tumor. Black et al. (2003) advocate early aggressive local resection
for palliation in patients who have significant symptoms, as they described a patient who
underwent multiple aggressive resections and experienced a remarkable, albeit transient,
improvement in symptoms following each resection.

Fig. 6. An intraoperative image demonstrating a paratesticular mass during orchiectomy
(mesothelioma of the tunica vaginalis testis).

Adjuvant treatment strategies include chemotherapy, radiotherapy or a combination of
chemotherapy and radiotherapy, with heterogenous regimens and outcomes reported (Plas
et al.,, 1998). Plas et al. (1998) identified 10 patients who underwent chemotherapy (most
commonly doxorubicin and cyclophosphamide) 2 of which had partial remission and 6 of
which had no improvement in symptoms. Plas et al. (1998) also identified 10 patient who
underwent radiotherapy (40-60 gray; varying duration of therapy), reporting complete
remission with 12 months of follow up in 5 patients, partial remission in 1 patient and no
change in tumor size in 2 patients. Among 6 patients who underwent chemotherapy and
radiotherapy, Plas et al. (1998) reported no cases of complete remission however 3 patients
had partial remission. At the present time, adjuvant treatment of malignant mesothelioma
remains experimental and physician dependent with no set guidelines or appropriate
follow-up analysis available.
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6. Recurrence, follow-up guidelines and prognosis
6.1 Recurrence

To date, Plas et al. (1998) have reported the only comprehensive study identifying factors
that may influence local recurrence. In their report, patients with a positive histology of
asbestos exposure (N=2) had a significantly shorter interval before tumor recurrence than
patients with no history of exposure (N=7) (p < 0.05). Furthermore, Plas et al. (1998)
reported an increased incidence of local recurrence after resection of the hydrocele wall
alone compared to scrotal excision and inguinal orchiectomy, however there was no
survival advantage when more radical excision was performed.

6.2 Follow-up guidelines

Presently, there are no established follow-up guidelines for malignant mesothelioma. We
agree with Plas et al. (1998) who have suggested clinical examinations and CT scan or
retroperitoneal ultrasound every 3 months for the first 2 years, followed by yearly
observation for the subsequent 3 years. Since malignant mesothelioma of the genitourinary
tract may be diagnosed at any age, the fact that there are no established tumor markers to
use during the follow-up period, and due to the possibility of recurrence up to 15 years after
primary therapy (Jones et al., 1995), there is an argument that surveillance should continue
for up to 10 years and perhaps for the rest of the patient’s life.

6.3 Prognosis (Table 1)

The SEER database (National Cancer Institute, 2009) and Plas et al. (1998) provide the largest
sample size and provide the most significant analyses for determining prognosis of
genitourinary malignant mesothelioma.

Age
<40 41-69 270 p-value
Patients, N=(%) 7 (14) 24 (47) 20 (39) <0.0001
Age (mean+SD) (233+7.6 59.2+77 76.1+5.2
Location, N=(%) Testis - 3 (43) Tunica vaginalis - |Tunica vaginalis -
Penis - 1 (14) 8 (33) 8 (40)
Scrotum - 1 (14) Overlapping Lesion |Testis - 6 (30)
Spermatic Cord -1 |- 8 (33) Overlapping Lesion
(14) Testis - 3 (13) -2(10)
Overlapping Lesion |Spermatic Cord -  |Scrotum -
-1(14) 2(8) 2 (10)
Epididymis -2 (8) |Spermatic Cord -1
Scrotum -1 (4) ®)
Epididymis - 1 (5)
Mean Survival, 16.1 (8.0-24.2) 12.3 (6.2-18.4) 5.0 (3.0-7.0) 0.06
years (95% CI)
Median Survival, |14.7 (4.2-25.3) 7.0 (1.2-12.8) 3.3 (2.7-3.9)
years (95% CI)
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Stage2
Localized Regional Distant p-value
Patients, N=(%) 23 (47) 18 (37) 8 (16) <0.0001
Age (mean*SD) [61.9+14.0 62.8+17.6 63.6 £23.5
Location, N=(%) Tunica vaginalis - 6 |Tunica vaginalis - 7 |Tunica vaginalis - 3
(26) (39) (38)
Overlapping Lesion |Testis - 5 (28) Overlapping Lesion
-5(22) Overlapping Lesion |- 2 (25)
Testis - 5 (22) -4(22) Scrotum - 1 (13)
Scrotum - 3 (13) Spermatic Cord -1 |Spermatic Cord -1
Spermatic Cord -2 |(6) (13)
) Epididymis -1 (6) |Testis -1 (13)
Epididymis - 2 (9)
Mean Survival, 16.7 (10.4-23.0) 7.7 (3.5-11.9) 2.4 (0.7-4.1) 0.02
years (95% CI)
Median Survival, (8.0 (NR) 3.4 (2.3-4.5) 1.3 (0-3.2)
years (95% CI)

Abbreviations: SD, standard deviation; CI, confidence interval; NR, not reported
aTwo patients unstaged (one penile and one testis mesothelioma)

Table 1. Clinical outcomes of male patients with malignant mesothelioma stratified by age
and stage of disease, from the Surveillance, Epidemiology, and End Results (SEER) database
(2009).

6.3.1 Age (Figure 7)

Among the 51 patients identified in the SEER database (National Cancer Institute, 2009), 7
(14%) were <40, 24 (47%) were 41-69 and 20 (39%) were 270 years of age (p < 0.0001). Mean
survival was progressively worse for older patients, with mean survival rates of 16.1 (95%
Cl 8.0-24.2), 12.3 (95% CI 6.2-18.4) and 5.0 years (95% CI 3.0-7.0), respectively (p = 0.06). The
3- and 5-year survival rate for patients <40 years of age was 100% and 80%, for patients 41-
69 was 56% and 38%, and for >70 was 29% and 23%, respectively. In their meta-analysis
patients with malignant mesothelioma of the tunica vaginalis, Plas et al. (1998) reported that
univariate analysis revealed a significant correlation of age with survival (p < 0.01),
emphasizing longer survival for younger patients (N=29, <60 years of age) compared to
older patients (N=29, 260 years of age). Among these two sample populations, it is evident
that elderly patients have a survival disadvantage compared to younger patients with
genitourinary malignant mesothelioma.

6.3.2 Extent of disease (Figure 8)

Among the 51 patients in the SEER database (National Cancer Institute, 2009), 49 patients
were categorized as having localized (N=23, 47%), regional (N=18, 37%) or distant (N=8,
16%) disease (p < 0.0001). Mean survival was significantly worse for patients with non-
localized disease, with mean survival rates of 16.7 (95% CI 10.4-23.0), 7.7 (95% CI 3.5-11.9)
and 2.4 years (95% CI 0.7-4.1), respectively (p = 0.02). The 3- and 5-year survival rate for
patients with localized disease was 65% and 48%, for patients with regional disease was 40%
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Fig. 7. Kaplan-Meier survival analysis of male patients with urologic malignant
mesothelioma stratified by patients <40, 41-60 and >60 years of age from the Surveillance,
Epidemiology, and End Results (SEER) database (2009) (p = 0.06).

and 35% and for patients with distant disease was 29% and 29%, respectively.
Comparatively, Plas et al. (1998) also found a significant correlation between the presence
of primary metastatic disease and survival (p < 0.05, N=11 metastatic disease; N=46 organ
confined disease). Not surprisingly, patients with advanced malignant mesothelioma

have significantly poorer outcomes compared to patients with locoregional controlled
disease.
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Fig. 8. Kaplan-Meier survival analysis of male patients with urologic malignant
mesothelioma stratified by localized, regional and distant disease from the Surveillance,
Epidemiology, and End Results (SEER) database (2009) (p = 0.02).

6.3.3 Other variables

Since there are no tumor markers available for patients with malignant mesothelioma, other
factors have been tested for prognostic significance. Competing-risks regression analyses
performed for the 51 patients in the SEER database (National Cancer Institute, 2009) did not
identify a significant prognostic correlation for disease of the tunica vaginalis, patients of
non-Caucasian race, year of diagnosis before 2001 and tumor size. Plas et al. (1998) reported
that a history of asbestos exposure, tumor histology or primary therapy did not correlate
with survival.

7. Conclusions

Malignant mesotheliomas with urologic connotations need to be considered as these tumors
have been termed “well described pathologies at unusual sites” (Lane, 2001). At this point
in time, analysis suggests a predilection for Caucasian males (however, without a survival
disadvantage) and poorer prognosis for elderly patients and patients without locoregional
control. The advent of color Doppler sonography will potentially increase the rate of correct
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preoperative diagnosis and allow for the appropriate primary surgical approach to be
performed (Boyum & Wasserman, 2008; Wolanske & Nino-Murcia, 2001; Mak et al., 2004;
Wang et al., 2005) (Figure 9). Surgical therapy remains the cornerstone of initial treatment
with a need for further analysis and resources directed toward identifying appropriate
adjuvant treatment regimens. This disease is rare but has the potential for aggressive and
deadly behavior necessitating a correct preoperative diagnosis, aggressive surgical
management and likely lifelong surveillance.

Scrotal or
inguinal swelling

High-Resolution Gray-Scale U/S or

Color Doppler U/S
Hydrocele with Intratesticular or paratesticular
no associated mass mass or nodularity
Hydrocelectomy Preoperative and metastatic evaluation

l

Radical Inguinal Orchiectomy

\

Malignant Mesothelioma Dthm_' meigannd or
benign neoplasm
Regional advanced or Locoregional Appropriate post-
Metastatic disease Control operafive management

‘First 2 years - CT-abdomen/pelvis or

Chemoth d bici
CoomT e E s retroperitoneal UJS every 3 months

cyclophosphamide based), radiation
(40-60 gray) or chemoradiation therapy regimen
Next 3 years - Yearly CT-abdomen/pelvis
or retroperitoneal U/S

Life-long surveillance (7)

Fig. 9. An evidence-based algorithm for the diagnosis, treatment and follow-up of malignant
mesothelioma of the male genitourinary tract (U/S - ultrasonography; CT - computed
tomography
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1. Introduction

Normal mesothelial cells form a monolayer that covers the serosal surface of pleural,
peritoneal and pericardial cavities. When these cells are injured by inflammation or altered
in a neoplastic process, they acquire similar cytological characteristics that difficult
differentiation between reactive mesothelial cells and neoplastic ones (Ogilvie & Moore,

2008).

Mesotheliomas emerge from the cells that cover serosal cavities (Head et al., 2002). They are
really uncommon neoplasms in animals and they are usually malignant (Head et al., 2003).
They are more frequent in bovine cattle and dogs, but they represent just 0,2 % of the total of
canine neoplasms (Wilson & Dungworth, 2002). There are exceptional reports in horses
(Hinrichs et al., 1997), cats, pigs and other species (Brown et al., 2007).

In human beings the relationship between these tumours and asbestos fibre is striking
(Butnor et al., 2001; Cantin et al., 1982; Enzinger & Weiss, 1985). In veterinary the presence of
asbestos bodies was just established in a few canine reports (Glickman et al., 1983; Harbison
& Godlesky, 1983) but controversy exists since many authors consider there is no convincing
association between the incidence of mesothelioma and exposure to asbestos (Lépez, 2007).
Many other fibres types may cause mesotheliomas probably owing to fibre size and
solubility (Brown et al., 2007). It is also related with the exposure to simiam virus 40 (SV40)
(Reggetti et al., 2005). Lately, there is emerging evidence of genetic variation in susceptibility
to fibre carcinogenesis (Rud, 2010).

Congenital mesotheliomas are described more frecuently in bovine fetuses and young
animals (Brown et al., 2007). In canine specie, the average age of onset is 8 years, but there
are reports in puppies (Glickman et al., 1983; Kim & Choi, 2002; Leisewitz & Nesbit, 1992).
Other authors consider that these tumours are more common in male and spayed bitches,
while there does not seem to be any strong breed predilection (Head et al., 2002). Exposure
to pesticide is a cofactor that apparently increases the risk of mesothelioma in the animals
(Glickman et al., 1983).

The “Histological classification of tumours of the serosal surfaces (pleura, pericardium,
peritoneum, and tunica vaginalis) of domestic animals” (Head et al., 2003) considers the
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existence of benign and malignant mesotheliomas. It describes three varieties for each one:
predominantly epithelioid, predominantly fibrous and biphasic or mixed. In human beings,
half of malignant mesotheliomas are epithelioid, 20% are fibrous and the remaining 30 % are
mixed (De May, 1996). Epitheliod and biphasic mesotheliomas are the most frequent types
in dogs (Trigo et al., 1981), horses and cats (Head et al., 2003). Benign tumours are
uncommon, many pathologist think that all the mesotheliomas are potentially malignant as
virtually all can spread by implantation rather than metastasis (Brown et al., 2007).

2. Anatomopathological aspects

Mesothelial tumours are local, multifocal or diffuse neoplasms arising from the mesothelial
lining of coelomic cavities and consisting of a variable mixture of epithelioid and spindle -
shaped cells. (Head et al, 2003). They may involve one of the cavities or all of them
simultaneously. Bovine lesions are usually epithelioid and primary in the peritoneum, with
spread to other coelomic cavities. In dogs, these tumours involve the pleura, peritoneum,
pericardium or tunica vaginalis in decreasing order of frequency. Pleural presentation is
typical in swine (Brown et. al., 2007). In animals, pleural location usually causes effusion
with resulting respiratory distress, cough, and weight loss (Lopez, 2007). The peritoneal
form is usually associated with ascitis as a consequence of blockage and effusion of
lymphatic’s vessels (Enzinger & Weiss, 1985). In these cases peritoneal fluid may appear
bloody or milky (Brown et al., 2007).

They usually appear as multiple firm, sessile, or arborescent nodules, from a few
milimeters to 6, to 10 cm in diameter: in villus projections on a thickened mesentery or
serosal surface (Figure 1); or as fibrous or sclerosing forms, which are more plaque- like
(Brown et al., 2007).

Fig. 1. Macroscopical aspect of a peritoneal predominantly epiteliod malignant
mesothelioma in a dog.
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3. Histopathological and cytological aspects

Usually mesotheliomas in animals, appear as a solid mass made up of layers of dark, plump
cuboidal, columnar or rounded, epithelioid cells with a distintic border and abundant pink
cytoplasm, over proliferating fibrocellular stroma. Mitotic figures are typically not
numerous. The mesothelial cells form loops and festoons in a papillary pattern, or line cystic
spaces and tubular structures (Brown et al., 2007). Asbestos fibres generally form big
structures cover by acid mucopolysacharides known as “ferruginous bodies” but they are
not always seen in histologic samples (Enzinger & Weiss, 1985). Mesotheliomas can be either
benign or malignant. However, usually only the malignant varieties are associated with
effusions (De May, 1996). Malignant mesotheliomas frequently start causing effusion, but
cytological diagnosis may be difficult because malignant and reactive mesothelial cells are
morphologically very similar. During inflammation, mesothelial cells become reactive and
not only increase in number, but also become pleomorphic and form multinucleated cells
that may be mistaken for a carcinoma (Lépez, 2007).

Three different histological types of these tumors are described (Head et al., 2003). This
classification is presented in table 1. The epithelioid malignant and mixed types are most
likely to result in an effusion containing diagnostic cells. Predominantly fibrous
mesotheliomas seldom cause an effusion and when they do, rarely exfoliate diagnostic cells
(Tao, 1989). Therefore, the diagnosis of mesotheliomas is based in two different cytological
techniques. The analyses of effusions’ sediment is recommended for epithelioid malignant
mesothelioma, but for predominantly fibrous and mixed forms, fine needle aspiration is
necessary (Koss et al., 1988).

Benign mesothelioma
Predominantly epithelioid benign mesothelioma
Predominantly fibrous (spindle cell) benign mesothelioma
Biphasic (mixed) benign mesothelioma

Malignant mesothelioma
Predominantly epithelioid malignant mesothelioma
Predominantly fibrous (spindle cell) malignant mesothelioma
Biphasic (mixed) malignant mesothelioma

Table 1. Histological Classification of Tumours of Serosal Surfaces of Domestic Animals:
Tumours of Mesothelium. Head et al., 2003.

3.1 Benign mesothelioma

Benign presentation is rare. Some pathologists think all mesotheliomas are potentially
malignant.

3.1.1 Predominantly epithelioid benign mesothelioma

This benign tumor is mainly composed of mesothelial cells resembling epithelium arranged
in a papillary, tubular, or solid pattern, either alone or in combination.

When these tumours grow on the surface of serosal membrane, they show papillary
branching tree- like outgrowths with a central stromal core. But when the epithelioid cells
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extend into the underlying stroma in a tubular pattern, microscopically gives a
pseudoacinar appearance. Sometimes they grow in solid pattern forming trabeculae or cords
(Head et al., 2003).

The fine needle aspiration biopsy specimen is abundantly cellular. Sheets of reactive or
atypical mesothelial cells, with windows, are seen in the aspirate specimen (Tao, 1989).
Mesothelial cells are cuboidal or polygonal and have distinct outlines, a few may show a
hair like brush border. The cytoplasm exhibits vacuoles sometimes of glycogen (Head et al.,
2003). The nuclei are central, round to oval and relatively regular and uniform. The
chromatin is fine and there may be small, inconspicuous nucleoli (De May, 1996).

They are difficult to differentiate from a reactive mesothelium, and from well differentiated
malignant mesotheliomas because cells have similar appearance. So, differential diagnosis may
require clinical and other complementary diagnostic techniques correlation (De May, 1996).

3.1.2 Predominantly fibrous (spindle cell) benign mesothelioma

This is the less common variant of mesotheliomas in animals. It is mainly composed of
spindle-shaped mesothelial cells with elongated nuclei, sometimes forming a whorled
pattern, resembling a fibroma (Head et al., 2003).

Fine needle samples show variable cellularity, usually scarce and may be bloody. The cells
are spindle shaped and resemble fibroblasts with a poorly defined cytoplasm. The nuclei are
small, oval to elongated, and have fine chromatin and inconspicuous nucleoli (Dusenbery et
al., 1992). Naked nuclei may be numerous. Metachromatic stromal fragments are frequently
present. No mitoses are seen (De May, 1996).

3.1.3 Biphasic (mixed) bening mesothelioma

This type may show a mixture of variable proportions of epithelial and spindle cells. In such
cases, the epithelial component may be reactive while the spindle component is neoplastic
(De May, 1996).

3.2 Malignant mesothelioma

Malignant and benign mesotheliomas have a similar basic structure, so that in some cases it
can be difficult to establish a diagnosis. The presence of neoplastic cells in lymph vessels at
some distance from the deep surface of the tumours and proven lymph node metastases are
distinct proof of malignancy. Tumor cells with marked anisocytosis and anisokariosis,
arranged in solid masses. Mitosis may be more frequent, but some metastatic mesotheliomas
have few mitotic figures. (Head et al., 2003). Usually mesothelial cells show a clear
perinuclear region with variable amounts of vacuoles. Sometimes, these vacuoles® fusion
leads to formation of mucin lakes producing cellular cohesion loss (Figure 2) (Enzinger &
Weiss, 1985). Areas of necrosis may undergo dystrophic mineralization, especially in cattle
(Head et al., 2003).

These tumours are frequently associated with a milky or blood- tinged effusion. So, fluid
cytology is usually the first diagnostic study performed. Most are exudates (De May, 1996).
Effusions are usually present as the result of blocked lymphatics (Brown et al., 2007). The
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fluid is characteristically viscous to gelatinous, which is primarily due to hyaluronic acid. It
could be present in benign diseases but high levels of hyaluronic acid (>8 mg/dl) are more
specific for mesothelioma (De May, 1996).

_ 2
Fig. 2. Predominantly epitheliod mesothelioma. Mesothelial cells forming trabeculae or
cords with abundant extracellular mucin lakes. H y E, 100 X.

Fine needle biopsy smears are usually very cellular with abundant papillae, biphasic
combination of epithelioid and spindle cells and clinical findings help the diagnosis (Sterret
et al., 1987).

3.2.1 Predominantly epithelioid malignant mesothelioma

Is the most common type, not only in humans but also in animals. It is composed of
epithelioid mesothelial cells with varying degrees of anaplasia and invasive growth into the
underlying tissue (Figure 3), lymphatics and blood vessels (Head et al., 2003).

Cytological samples show neoplastic cells resembling normal mesothelial cells, they may
appear in big groups or isolated. There is usually a continuum from bland to malignant-
appearing cells, rather than a separate, discrete population of malignant cells, as is seen with
metastatic tumor. Occasionally, all the malignant mesothelial cells have only a bland,
reactive appearance, that, difficult the diagnosis of malignancy. On the other hand, many
cases are composed of anaplastic cells, in which the diagnosis of malignancy is obvious, but
the cell of origin is not (De May, 1996).

The cells can form cohesive flat sheets with prominent windows, three-dimensional cell
balls or papillae, or tubular/acinar-like structures (Jayaram et al., 1988). Cells in groups are
more numerous, bigger and tend to be more irregularly arranged in malignant
mesothelioma than in benign proliferations. Cells borders are prominent (Baker & Lumsden,
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2000). Thick clusters of cells with highly irregular or knobby outlines are characteristic of
mesothelioma (Figure 4). This is important in differential diagnosis from adenocarcinomas
since the last one tend to form cell clusters with smooth continuous borders. In some cases,
the cells are poorly cohesive, with numerous single cells. Papillary clusters reflect the
growth pattern of mesothelioma, so, they are less common in adenocarcinoma and benign
effusions. Another common feature in malignant mesotheliomas is long chains of cells

voou

known as “cell-embracing”, “cell engulfment” and “cannibalism” (De May, 1996).

The cells shape can vary from round to polygonal to angular. A minor component of spindle
cells is common (Reuter et al., 1983). The cytoplasm is abundant with relatively well defined
cell borders. In Diff Quick, the cells may have raffled cytoplasmic borders corresponding to
microvilli, ultrastructurally (Craig et al, 1992). The cytoplasm varies from dense an
squamoid (remiscent of immature squamous metaplasia, as seen in the Pap smear) to
delicate and vacuolated or foamy. Vacuolated signet ring-like cells may be present. The
vacuoles may be degenerative in nature or contain metachromatic, mesenchymal mucin
(hyaluronic acid). Some cells contain lipid. The presence of vacuolated, epithelioid cells may
suggest adenocarcinoma (Koss et al., 1988).

The nuclei can be centrally or eccentrically located. They are round to oval, and can vary
from uniform to pleomorphic (Reuter et al., 1983). Binucleation or multinucleation is
common (Cowell et al., 1991). The chromatin ranges from fine to coarse depending on the
differentiation. Nucleoli, angular, single or multiple may be prominent (Baker & Lumsden,
2000). Mitotic figures occur, but are not useful in distinguishing benign from malignant
mesothelial cells, unless frankly abnormal (De May, 1996). Although psammoma bodies and
asbestos bodies can be seen (Tao, 1989), neither is specific for malignant mesothelioma, or
even for malignancy.
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Fig. 3. Neoplastic mesothelial cells proliferation in a solid pattern, with nuclear
pleomorphism, coarse chromatin, multiple cytoplasmic vacuoles and extracellular mucus.
Hy E., 400X
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Fig. 4. Effusion sediment. Cluster of malignant mesothelial cells with typical knobby
borders. Hy E, 1000X.

3.2.2 Predominantly fibrous (spindle cell) malignant mesothelioma

A malignant mesothelial tumor resembling a fibrosarcoma and showing infiltration into the
underlying connective tissue (Head et al. 2003). This type is generally localized, rarely cause
effusions and its sediment usually shows low cellularity (Enzinger & Weiss, 1985; Tao,
1989). So, fine needle biopsies may be particularly important in the diagnosis of this variety
of mesothelioma. These specimens have variable amounts of cells depending on fibrosis
degree. The cells may be single or in loose clusters, sometimes forming whorls and storiform
patterns. The cells are spindle shaped and may have long cytoplasmic processes. The cells
have a moderate amount of cytoplasm that varies from delicate to well defined. The nuclei
are relatively large, oval and variably pleomorphic, often with coarse, hyperchromatic
chromatin (De May, 1996). Nucleoli are small, but prominent, and frequently multiple.
Naked nuclei may be conspicuous (Tao, 1989). Mitoses and necrosis are common (Enzinger
& Weiss, 1985). Rarely osseous or cartilaginous metaplasia may occur (De May, 1996).

3.2.3 Biphasic (mixed) malignant mesothelioma
Is rather frequent. Usually the epithelioid pattern predominates in the specimens but that
may vary in different areas and cases (De May, 1996).

4. Differential diagnosis

The primary consideration in the differential diagnosis is adenocarcinoma, particularly of
the lung, but intestinal and genital metastasis must be also discarded (Head et al., 2003).
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Whether, mesothelioma or adenocarcinoma, any malignant tumour with extensive pleural
spread is essentially incurable. However, the diagnosis of mesothelioma may be crucial
from a medicolegal point of view in humans (De May, 1996).

Special stains, electron microscopy and immuncytochemistry may be helpful in differential
diagnosis. Both, mesotheliomas and adenocarcinomas produce mucinous substances that
may be differentiated by means of special stains.

Neoplasic mesothelial cells may produce even intra or extracellular acid mucin, hyaluronic
acid which have mesenchymal origin (Di Bonito et al., 1993), whereas, adenocarcinomatous
cells may secret neutral mucins (epithelial origin). Mesotheliomas very rarely take up
neutral mucin stains like mucicarmine and PAS diastase, but they usually have intracellular
positive vacuoles to alcian blue (De May, 1996). Acid mucin also stains metachromatically
with toluidine blue (Enzinger & Weiss, 1985).

Electron microscopy shows long, slender, abundant, microvilli in mesothelioma, they
usually have a length-to-diameter ratio in excess of 12 to 1 (Head et al., 2003) while in
adenocarcinoma, microvilli are short and stubby (De May, 1996). The cytoplasm contains
numerous bundles of tonofilaments arranged circumferentially around the nucleus (Wilson
& Dungworth, 2002).

Immunohistochemistry is also useful in differentiating these tumors since mesothelial cells
uniquely express both epithelial cytokeratins and mesenchymal markers such as vimentin
(Mc Donough et al., 1992). Mesotheliomas and adenocarcinoma are positive for low
molecular weight keratin, while just the former is positive for high-molecular-weight
keratin. They are also positive to calretinin, N- cadherin (Abutaily et al., 2002), desmin and
P- cadherin (Merlo et al., 2007), but they are negative for carcinoembryonic antigen (CEA)
and Leu-M1 (CD 15) (De May, 1996).

There is a report of a peritoneal mesothelioma in a dog of unusual morphologic variant of
epithelial mesothelioma, with remarkable cytomorphologic resemblance to decidua. In this
case, immunohistochemistry showed strong, diffuse, cytoplasmic staining of neoplastic cells
for pancytokeratin and cytokeratin AE1/AE3 and focal, cytoplasmic staining in scattered
cells for cytokeratin 5/6. Tumor cells also stained intensely positive for vimentin, whereas
anticalretinin, smooth-muscle actin, desmin, S-100 protein and CD117 were negative (Morini
et al, 2006).

There is also a description of a lipid rich pleural mesothelioma in a dog, which
immunohistochemically, expresses both cytokeratin and vimentin markers as is expected in
a mesothelioma. But it also shows S-100 expression, what is consistently found in
liposarcoma (Avakian et al., 2008).

5. Conclusion

Mesotheliomas are extremely rare diseases in animals. The relationship between these
tumours and exposure to asbestos and other fibres with similar size and solubility is
accepted in human beings but in animals there are not many documented proves about this
association. Different authors describe congenital mesotheliomas in bovine foetuses and
many others consider they are more common in male dogs and spayed bitches.
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The histological classification considers benign and malignant mesotheliomas with three
different varieties: predominantly epithelioid, predominantly fibrous and biphasic or mixed,
but the first one is the commonest. Malignant forms usually cause effusions, so, cytological
analysis of the sediment is in general the first approach to diagnosis.

Its differentiation from other entities may be so difficult and may comprise since reactive
mesothelial cells responses till adenocarcinomas. So, many complementary diagnostic tools
may be required for an accurate diagnosis. Most of histopathological and cytological
descriptions are based in human mesotheliomas but its striking features are found in
animals neoplasms. Lately, many veterinary cases have been reported, based in different
immunohistochemichal analyses aimed at proving mesothelial cells origin.

Even though, “whether, mesothelioma or adenocarcinoma, any malignant tumor with
extensive serosal spread is essentially incurable” (De May, 1996) and animal illnesses
usually don’t have medicolegal implications, an accurate diagnosis is also expected in
veterinary science.
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1. Introduction

The route that mesothelial cells take on their way to becoming malignant is unknown and
probably highly variable depending on several environmental and host factors, including
polymorphisms and mutations in susceptibility genes, age and immunity. Links between
cancer and inflammation were first noted by Rudolf Virchow in 1863, on the basis of
observations that tumours often arose at sites of chronic inflammation and that
inflammatory cells were present in biopsy samples from tumours (Balkwill & Mantovani
2001). In a SCID mouse xenograft model, it has recently been shown that inflammation
precedes the development of human malignant mesothelioma (Hillegass e.a. 2010). Also,
epidemiological studies have revealed that chronic inflammation caused by chemical and
physical agents, autoimmune and by inflammatory reactions of uncertain aetiology,
predisposes for certain forms of cancer (Coussens & Werb 2002). Increasing evidence
indicates that the “inflammation-cancer” connection is not only restricted to the initiation of
the cancer process, since all types of clinically manifested cancers appear to have an active
inflammatory component in their microenvironment. These experimental findings and
clinical observations have led to cancer-related inflammation being acknowledged as one of
the hallmarks of cancer (Colotta e.a. 2009).

2. Cancer-related immunology
2.1 Tumour-immunosurveillance

By investigating murine tumour transplantation models, Llyod Old, George Klein, and
others showed that the immune system of healthy recipient mice was able to differentiate
transformed malignant cells from normal cells (Old & Boyse 1964; Klein e.a. 1966). Even
preceding these publications, Frank MacFarlane Burnet and Lewis Thomas formulated their
cancer immunosurveillance hypothesis: “It is by no means inconceivable that small
accumulations of tumour cells may develop and because of their possession of new
antigenic potentialities provoke an effective immunological reaction with regression of the
tumour and no clinical hint of its existence" (Burnet 1957). At that time this hypothesis was
controversial, however, with the current knowledge and ongoing research, it's apparent
their premise seems to be correct because there is strong evidence from animal studies that
cells of the adaptive immune system carry out surveillance and can eliminate nascent
tumours, a process called immuno-editing (Dunn e.a. 2004).
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Tumour-associated antigens (TAA) are antigens acquired by tumour cells in the process of
neoplastic transformation that can elicit a specific immune response by the host. Expression of
these antigens is caused by mutations leading to synthesis and over expression of these
abnormal proteins. The immune system can discriminate between malignant cells and their
normal counterparts through recognition of these TAA. It is known that several
immunological cell types are involved in the recognition and destruction of tumours during
early stages of development. These include cells and factors of the innate immune system,
including macrophages, neutrophils, complement components, y3 T cells, natural killer (NK)
cells, NKT cells and certain cytokines (IL-12, IFN-y) and cells of the adaptive immune system,
including B lymphocytes, helper T cells (Th cells) and cytotoxic T lymphocytes (CTLs).

TAA need to be presented to the cells of the adaptive immune system. Denderitic cells (DCs)
are widely acknowledged for their potent antigen presenting capacity and play a key role in
the initiation of this adaptive immune response by activation and modulation of lymphocyte
subsets (Steinman e.a. 1983). DCs originate from bone marrow precursor cells and are found
at low frequencies in peripheral tissues where they maintain an immature phenotype and
search their surroundings for foreign substances. Immunogenic TAA are secreted or shed by
tumour cells or released when tumour cells die. When TAA are taken up by DCs or other
antigen presenting cells (APCs), cells mature and migrate to regional draining lymphoid
organs. The captured antigen is processed and presented by major histocompatibility
complex (MHC) class I and class II molecules on their cell membrane leading to the
activation of antigen-specific lymphocytes. This results in antibody production by B
lymphocytes and tumour-specific CTLs to assist the innate immune responses in the killing
of tumour cells.

2.2 Tumour immune escape

Increasing evidence reveals that when tumour progress in time, tumour cells undergo
changes to escape immune surveillance. The process encompasses three phases: Elimination,
Equilibrium, and Escape. During the first phase, immune surveillance takes place. However,
tumour cells that are not eliminated by the immune system can enter the equilibrium state,
in which there is equilibrium between tumour growth and tumour killing by cells of the
immune system. In this stage, tumours can persist for years without progressing to more
severe tumour stages. During this period, tumour cells undergo mutations caused by their
genetic instability; potentially generating variants that can escape the immune system, by
either evading the induction of an immune response or by inhibiting anti-tumour responses
via a variety of mechanisms.

2.3 Immune suppressive mechanisms

The induction of an immune suppressive tumour microenvironment is an important escape
mechanism how tumours can resist immune destruction. In this microenvironment,
inflammatory cells and molecules have a major influence on cancer progress. Effective
adaptive immune responses are suppressed through the activation of several pathways. For
example, the differentiation and activation of dendritic cells, which are the key initiators of
adaptive immune responses, are inhibited by signals (such as IL-10 and VEGF) present in
the tumour microenvironment. In addition, tumours but also peripheral blood and lymph
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nodes contain regulatory T cells (Tregs), which suppress both the adaptive and innate
immune responses. Also, a heterogeneous population of myeloid-derived suppressor cells
(MDSCs) are induced in tumour-bearing hosts; these cells, as well as conventional tumour-
associated macrophages (TAMs), are potent suppressors of antitumour immunity. Not only
do MDSCs and TAMs suppress the antitumour response, they also assist the malignant
behaviour of tumour cells by secreting cytokines, growth factors, matrix-degrading enzymes
and proteases, which promote tumour progression or enhance metastasis.

In conclusion, immune cells can either protect the host against cancer development or
promote the emergence of tumours with reduced immunogenicity leading to a complex
interplay of tumour growth and tumour regression mechanisms (Mantovani e.a. 2008). In
the following sections, the presence and functions of MDSCs, TAMs and Tregs are
discussed.

2.3.1 Myeloid-derived suppressor cells

MDSCs are a heterogeneous population of bone marrow-derived myeloid cells, comprising
of immature monocytes/macrophages, granulocytes, and DCs at different stages of
differentiation (Gabrilovich e.a. 2007). A subset of MDSCs, mononuclear MDSCs (MO-
MDSCs) is mainly found at the tumour site while polymorph nuclear MDSCs (PMN-
MDSCs) subset is found in blood, lymphoid organs and at the tumour site. They express a
number of surface markers, that are on themselves not unique but in combination can define
MDSCs. MDSCs are increased in cancer patients and it is anticipated that MDSCs play a
suppressive role during the innate and adaptive immune responses to cancer, but have also
been described in the course of other pathologic processes such as thermal injury, various
infectious diseases, sepsis, trauma, after bone marrow transplantation and in some
autoimmune disorders.

Activation of MDSCs not only requires tumour-derived factors (e.g. tumour-derived
prostaglandin E2 (PGE2)), but also IFN-y produced by T cells and factors secreted by
tumour stromal cells (like IL-1p, IL-4, IL-6, IL-10, IL- 13). Activation of cytokine receptors on
MDSCs leads to activation of STAT-signalling pathways, resulting in the production of
immune suppressive substances (like TGF-f, ROS and NOS).

MDSCs inhibit the immune response in several ways;

e MDSCs are capable of producing reactive oxygen species (ROS) and peroxynitrite,
which is responsible for most of the adverse effects on T cells, linked to ROS. Changes
caused by nitration of the T cell receptor makes T cells incapable of interacting with the
MHC complex on antigen presenting cells, which is necessary to obtain T cell specific
stimulation (Nagaraj & Gabrilovich 2007; Kusmartsev e.a. 2004).

e  MDSCs can inhibit the anti-tumour response in an antigen non-specific manner by the
high expression of the enzyme inducible nitric oxid synthetase (iNOS), leading to the
generation of NO. NO can suppress T cell function though various mechanisms including
the inhibition of the cell signalling pathways and inducing DNA-damage to T cells.

e Arginase-I activity by MDSCs depletes L-arginine from the environment, contributing
to the induction of T cell tolerance by the downregulation of the CD3{-chain expression
of the T cell receptor (Bronte e.a. 2003; Rodriguez & Ochoa 2008).
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e  MDSCs block T-cell activation by sequestering cystine and thus limiting the availability
of the essential amino acid cysteine (Srivastava e.a. 2010).

e MDSCs can inhibit T cell proliferation by producing IL-10 and TGF-p (Hequan Li e.a.
2009).

e Anti-tumour cells, like NK- and NKT-cells, can be inhibited by MDSCs via TGF-B1
depending mechanisms. MDSCs can bind to the TGF-p receptor on target cells via
membrane bound TGF-f, leading to activation of intra cellular pathways resulting in
downregulation of NK specific receptors (Hequan Li e.a. 2009).

¢  The plasma membrane expression of enzyme ADAM17 on MDSCs cleaves L-selectin on
naive T cells, decreasing their ability to home to sites where they could be activated
(Hanson e.a. 2009).

e  MDSCs can indirectly enhance immune suppression via the induction of Tregs (Huang
e.a. 2006; Pan e.a. 2010; Kusmartsev & Gabrilovich 2006).

e MDSCs differentiate under certain biological conditions into mature functionally
competent macrophages or to DCs influencing tumoural responses (Gabrilovich &
Nagaraj 2009).

2.3.2 Tumour-associated macrophages

Macrophages are a major component of the leukocyte infiltrate in the tumour micro-
environment (Mantovani e.a. 2002). Classically activated (M1) macrophages, following
exposure to IFN-y, have anti-tumour and tissue destructive activity. In response to IL-4 or
IL-13, macrophages undergo alternative (M2) activation. M2 macrophages are oriented to
tissue repair, tissue remodelling and immunoregulation. TAMs generally have the
phenotype and functions similar to M2 macrophages and display a defective NF-xB
activation in response to different pro-inflammatory signals (Sica e.a. 2006).

TAM recruitment in tumours is mediated by several cytokines including colony stimulating
factor-1 (CSF-1), vascular endothelial growth factor (VEGF) and chemokines (like CCL2)
(Mantovani & Sica 2010). It has been shown that MO-MDSCs are capable of differentiating
towards TAMs. Therefore, similar recruitment factors are described that contribute to the
infiltration of TAMs and MDSCs into tumour tissue (Mantovani & Sica 2010).

In addition, dynamic changes of the tumour microenvironment occur during the transition
from early neoplastic events toward advanced tumour stages resulting in local hypoxia, low
glucose level and low pH. These events drive the switch from a M1 macrophage toward the
M2 type by profound changes occurring in the tumour microphysiology.

TAMs are able to suppress the adoptive immune response through various mechanisms and
contribute to angiogenesis and tumour invasiveness:

e TAMS are able to produce immune suppressive cytokines, like CCL17, CCL18, CCL22,
IL-1p, IL-6, IL-10 and TGF-p. IL-10 in combination with IL-6 can lead to upregulation of
molecules in TAMs, which are implicated in suppression of tumour-specific T cell
immunity (Kryczek e.a. 2006).

e TAMs express the enzyme indoleamine 2,3-dioxygenase (IDO), a well-known
suppressor of T cell activation. IDO catalyzes the catabolism of tryptophan, an essential
amino acid acquired for T cell activation (Grohmann e.a. 2003).
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e  TAMs contribute to immune suppression via indirect ways. Secretion of CCL18 leads to
recruitment of native T cells. Attraction of naive T cells into the tumour
microenvironment is likely to induce T cell anergy (Balkwill 2004). Besides CCL18,
CCL17 and CCL22 are abundantly expressed. These cytokines interact with CCR4
receptor, expressed by Tregs and induces T-helper 2 polarization (Bonecchi e.a. 1998).
Via expression of VEGF, TAMs can block antigen uptake by APCs and attract MDSCs,
which can function as TAM precursors but are also actively suppressing T cell function.
MDSCs are depending on prostaglandin E2 (PGE2) for their function. PGE2 is secreted
by many types of cancer; however TAMs are also capable of producing PGE2 and
therefore assist MDSC function (Nagaraj & Gabrilovich 2008).

e In tumour stroma, TAMs produce matrix metalloproteases (MMPs) and other
proteases, leading to degradation of the extracellular matrix. During this process several
cytokines, chemokines and growth factors are released from the matrix that promotes
and facilitates endothelial cell survival and migration and thereby enhances
angiogenesis (Mantovani e.a. 2006).

e  Besides indirect mechanisms, angiogenesis is also directly stimulated by TAMs. TAMs
can produce proangiogenic factors like VEGF and platelet derived growth factors
(PDGF). The release of these factors leads to the formation of (lymph)angiogenic
structures and subsequent metastasis (Strieter e.a. 2004).

2.3.3 Regulatory T cells

Tregs are a population of CD4+ T cells with a central role in the prevention of autoimmunity
and the promotion of tolerance via their suppressive function on a broad repertoire of
cellular targets (Baecher-Allan & Hafler 2005). Characteristic of Tregs is the expression of
CD25 (IL-2 receptor-a chain), forkhead/winged-helix transcription factor box P3 (Foxp3),
glucocorticoid-induced TNF-receptor-related-protein (GITR), lymphocyte activation gene-3
(LAG-3), and cytotoxic T-lymphocyte-associated antigen 4 (CTLA4), however all these
markers are not truly Treg-specific (Larmonier e.a. 2007). Tregs can be divided into natural
Tregs and adaptive Tregs. Natural Tregs are important in the suppression of autoreactive T
cells that slip through selection processes and therefore natural Tregs maintain peripheral
tolerance against self-antigens preventing autoimmunity. In humans, these cells represent 2-
5% of total circulating CD4+ T cells in peripheral blood (Ormandy e.a. 2005). Adaptive Tregs
arise from naive T cells and are triggered by suboptimal antigen stimulation and stimulation
with TGF-p. Adaptive Tregs can be subdivided into IL-10 secreting Tregs type I (Trl) and
TGF-p producing Tregs (Th3 Tregs). These cells are characterized by the secretion of
immune suppressive cytokines directly inhibiting T cells and converting DCs into
suppressive APCs (Wei e.a. 2006).

Tregs were first recognized to infiltrate human cancers and the prevalence of Tregs in
tumour-infiltrating lymphocytes is much higher than their proportion in peripheral blood,
constituting 20% or more of tumour-infiltrating lymphocytes (H Jonuleit e.a. 2000). Elevated
levels of Tregs have been identified in blood of cancer patients compared with normal
individuals and their presence predicts for poor survival (Apostolou e.a. 2008). In
mesothelioma patients, elevated levels of Tregs have also been identified in pleural fluid,
with a clear patient to patient variability (DeLong e.a. 2005).
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Natural Tregs are derived in the thymus and migrate into the periphery. It has been
proposed that Tregs need to be activated and/or expended from periphery and bone
marrow if needed. Since 25% of CD4+ T cells in the bone marrow function as Tregs, it has
been suggested that the bone marrow plays an active role in humoral and cellular immune
regulation. However, it is poorly understood which factors are involved in trafficking and
regulation of Tregs (94). Induction of suppressive activity of both, natural and adaptive
Tregs, require T cell receptor triggering by antigen or stimulation with TGF-f (95-96). Weak
stimulation or the absence of co-stimulatory molecules leads to the induction of long-lasting
suppressive activity. Via this mechanism, Tregs can also be directed against TAA and
contribute to T cell anergy against tumours. TAA-specific Tregs accumulate in the
peripheral lymphoid organs and at the tumour side. However TAA-specific Tregs are also
found in the bone marrow, suggesting that after activation Tregs can migrate back to the
bone marrow and inducing T cell tolerance before these cells enter the circulation (Strauss
e.a. 2007). Although exact mechanisms are not fully explored, it has been shown that CCR4+
(receptor for CCL22) Tregs migrate toward tumour microenvironments expressing CCL22
(Sakaguchi e.a. 2009). Also CD62L and CCR7 have been described as important homing
markers on Tregs (Gondek e.a. 2005). CD62L is critical for the migration of Tregs to draining
lymph nodes. CCR7 is expressed by a majority of Tregs and is essential in homing to
lymphoid organs and microenvironments expressing CCL19 (the ligand for CCR?7)
(Nakamura e.a. 2001).

As MDCSs and TAMs, Tregs have several pathways that diminish immune responses to
tumour tissue:

e Direct cell-cell interaction between Tregs and target cells is important for tolerance
induction by Tregs (Thornton & Shevach 1998). These target cells include CD4+ and
CD8+ effector cells, B cells, NK T cells, DCs and monocytes/macrophages. The cell-cell
binding leads to apoptosis by activation of programmed cell death-ligands (PDL), the
release of perforin (Boissonnas e.a. 2010) and granzyme-B (Nagaraj & Gabrilovich 2007)
and by reducing the proliferation through upregulation of intracellular cyclic AMP
(Fassbender e.a. 2010; Bopp e.a. 2007).

e Tregs produce themselves or induce other cells to secrete immunosuppressive cytokines
such as IL-10 and transforming growth factor (TGF)-B to blunt immune responses
(Hawrylowicz & O’Garra 2005), but also other molecules produced by Tregs like carbon
monoxide (Lee e.a. 2007) and galectins (Garin e.a. 2007) are reported to play roles in
suppression.

e Tregs can inhibit antitumour effector NK and NK T cells via membrane bound TGF-p
(Ghiringhelli e.a. 2005). The binding of membrane-bound TGF- on Tregs to the TGF-f3-
receptor on target cells leads to the activation of intracellular pathways, which
eventually leads to the down regulation of the NKG2D- receptor on NK and NK T cells.

e Tregs are forming aggregates around DCs to prevent contact between DCs and T cells
and in this way disturb the induction of the adaptive immune response by preventing
proper antigen presentation (Onishi e.a. 2008; Tadokoro e.a. 2006).

e CTLA4+ Tregs induce the expression of indoleamine 2,3-dioxygenase (IDO) in APCs
reducing the essential amino acid tryptophan to kynurenine, which is toxic to
neighbouring T cells (Fallarino e.a. 2003).

e Treg aggregation leads to decreased upregulation of CD80 and CD86 on immature
DCs and down regulate the expression of CD80 and CD86 on mature DCs (Oderup
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e.a. 2006). These phenomena are antigen specific and dependent on lymphocyte
function-associated antigen 1 (LFA-1) and CTL-associated protein 4 (CTLA-4)
(Rooney e.a. 1998).

e Tregs induce B7-H4 expression by APCs, a member of the B7 family that negatively
regulates T-cell responses (Kryczek e.a. 2006).

e Activated Tregs, which express higher affinity IL-2R than conventional T cells, may
absorb IL-2 from the microenvironment (de la Rosa e.a. 2004).

However, none of these mechanisms can explain all aspects of suppression. It is probable
that various combinations of several mechanisms are operating, depending on the milieu
and the type of immune responses.

2.4 Conclusion

In short, MDSCs, TAMs and Tregs are capable of suppressing the anti-tumour response
with a variety of mechanisms and contribute to a complex interplay between cells that act
on behalf or against the tumour. These cells have an essential role in tumor growth or
destruction of tumour cells, as pictures in figure 1.

Fig. 1. Interplay between immunological cells that inhibit tumour growth on the right of the
tumour and cells that aid in tumour progression on the left. (Tumour is depicted as black
cells with a red nucleus in the middle). iDC = immature dendritic cell, mDC = mature
dendritic cell, Th17 = helper T lymphocyte 17, M1 M@= M1 macrophage, FB = fibroblast,

B = B cell lymphocyte.
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3. Immunotherapy

Cancer immunotherapy attempts to mimic the anti-tumour effects of the immune system of
the patient, or it may assist in the capabilities of the immune system to fight cancer. Multiple
approaches for immunotherapy have been developed over the years and many are in
various stages of (pre-)clinical research. Immunotherapy can be divided into two main
categories: passive and active immunotherapy.

3.1 Passive immunotherapy

Passive immunotherapy makes use of in vitro produced immunologic effectors that are
capable of influencing tumour cell growth. The most common form of passive
immunotherapy is called monoclonal antibody therapy. It consists of humanized
monoclonal antibodies that are investigated in several human malignancies. Monoclonal
antibodies can target cells directly or indirectly. Monoclonal antibodies are also used as
immunomodulators to inhibit immune suppressive molecules/cells or activate immune
stimulatory molecules. Efficacy of this approach can sometimes be enhanced by linking a
toxin to these antibodies (e.g. radionucleotides and anticancer drugs).

In this field, ipilimumab is an interesting newcomer, currently tested mainly in metastatic
melanoma. Ipilimumab is a monoclonal antibody against cytotoxic T-lymphocyte antigen
(CTLA)-4. It is normally expressed at low levels on the surface of naive effector T cells, but is
upregulated on the cell surface when there is a long-lasting and strong stimulus via the T
cell receptor (TCR). CTLA-4 then competes with CD28 for CD80/CD86 on APCs, effectively
shutting off TCR signalling and thereby serves as a physiologic “brake” on the activated
immune system. Ipilimumab can thus prevent this feedback inhibition, resulting in an
unabated immune response against the tumour. The side effects of this therapy, however,
can be significant due to the downregulation of tolerance to patient’s own normal tissue and
colitis is often seen in patients.

Another method of passive immunotherapy uses adaptive transfer of antigen specific
effector cells (like T cells and NK cells) that can be expanded and/or activated ex-vivo and
subsequently administered back into the patient to attack the tumour. This approach
showed the potential to reconstitute host immunity against pathogens, like Epstein-Barr
virus (EBV) in immune suppressed patients, but more importantly also provides evidence
that adaptive T cell transfers can prevent the induction of EBV-associated lymphomas. This
led to the concept that antigen specific T cell transfer can be used as an anti-tumour therapy
to eradicate established tumours. The approach of adaptive T cell transfer to eradicate
malignancies is challenging.

3.2 Active immunotherapy

Active immunotherapeutic approaches aim at inducing or boosting immune effector cells in
vivo against tumour cells, through the administration of immune mediators capable of
activating the immune system.

Several cytokines are capable of activating and recruiting specific immune cells that can
enhance anti-tumour immunity (e.g. IL-2, IL-12, IL-15, TNF-a, GM-CSF). These cytokines
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can be used as an approach as single treatment or in combination with other
immunotherapy strategies.

Defined TAA epitopes have been used to vaccinate cancer patients; however this approach
is limited by the relatively low number of identified specific epitopes and by the
requirement of MHC typing. Nevertheless, some authors have reported the applicability of
this approach. By using the whole TAA protein for immunization, the need of peptide
identification can be circumvented. These proteins can be taken up by APCs and
endogenously processed into epitopes for presentation to T cells. Adjuvants need to be
added to induce APCs activation and avoid tolerance induction (Berger e.a. 2005).

DNA sequences coding for specific TAAs can be directly injected into the skin. DNA then
needs to be taken up, transcribed into mRNA, translated into a protein and processed into
peptides by APCs. An important restriction is the relatively inefficient delivery into APCs.
Viruses engineered to express TAAs can be injected directly into the patient. The virus then
transduces the host cell, leading to cell death and presentation of antigenic isotopes to the
immune system. A wide variety of viral vectors are available. However there are concerns
regarding the immuno-dominance of viral antigens over TAAs, resulting in a strong
antivirus response leading to virus eradication and attenuation of the anti-tumour immune
response.

The ideal source of TAAs is the tumour itself, since it expresses all the TAAs that need to be
targeted. Tumour cell-lines are often used as source for this approach. Tumour cell-lines can
be genetically modified to co-express cytokines or co-stimulatory molecules to enhance their
immunologic capacity. However, in general, tumour cells display a rather weak antigen
presentation capacity and because of the need for ex vivo tumour cell culture, this approach
is rather expensive, time consuming and labour intensive.

Sipuleucel-T is an active cellular immunotherapy consisting of autologous peripheral-blood
mononuclear cells (PBMCs), including APCs. Recently, Kantoff et al. published a phase III
trail where they used ex vivo activated Sipuleucel-T with a recombinant fusion protein
(PA2024). PA2024 consists of a prostate antigen, prostatic acid phosphatase, that is fused to
granulocyte-macrophage colony-stimulating factor (GM-CSF), an immune-cell activator.
Sipuleucel-T prolonged survival among men with asymptomatic or minimally symptomatic
metastatic castration-resistant prostate cancer (Kantoff e.a. 2010).

DCs have emerged as the most powerful initiators of immune responses. In the natural
activation of the adaptive immune system against tumour cells, DCs play a crucial role since
they are capable to engulf tumour antigens and activate lymphocytes in an antigen specific
manner. Therefore, the application of DCs to therapeutic cancer vaccines has been prompted
(Banchereau & Palucka 2005). DCs can be generated in large amounts ex vivo, and pulsed
with tumour antigens under optimal conditions. Subsequently, the injection of matured
tumour antigen-pulsed DCs led to the induction of an anti-tumour response in murine
models as well as in patients (Hegmans e.a. 2005). Moreover, DC activation also induces the
formation of antibodies against tumour components. Therefore, DC-immunotherapy can
potentially induce long lasting immune protection. Over the last decades numerous groups
have investigated the safety and applicability of DC-based vaccines in the treatment of
cancer in preclinal and clinical studies.
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4. DC-based immunotherapy in mesothelioma

We previously investigated the effect of DC-based immunotherapy on the outgrowth of
mesothelioma in a murine model (Hegmans e.a. 2005). Because the TAAs are not known for
mesothelioma, we used tumour cell lysates as antigen source to pulse DCs. We established
that DC-based immunotherapy induced strong tumour-specific CTLs responses leading to
prolonged survival in mice. The efficacy of immunotherapy was dependent on the tumour
load; most beneficial effects were established at early stages of tumour development.

On the basis of these preclinical animal studies, we have performed the first clinical trial in
which autologous tumour lysate-pulsed DCs were administrated in mesothelioma patients
(Hegmans e.a. 2010). Patients were eligible for the study when sufficient tumour cells could
be obtained from pleural effusion or tumour biopsy material at the time of diagnosis. DC-
immunotherapy was planned after completion of the cytoreductive therapy provided that
during chemotherapy no major side effects occurred and there was no progressive disease.
Concentrated leukocyte fractions were generated through peripheral blood leukapheresis.
Peripheral blood mononuclear cells were then enriched, cultured and matured to DCs.
Patients received three immunizations with mature DCs, loaded with autologous tumour
lysate and keyhole limpet hemocyanin (KLH) as positive control, in 2-week intervals. Each
immunization, consisting of 50 x 106 cells, was administered intradermally and
intravenously (figure 2).

Fig. 2. Schematic representation showing the administration of ex vivo maturated autologous
dendritic cells into a patient, resulting in antigen presentation in the lymph node and a
specific anti-tumour cytotoxic anti-tumour response.
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Overall, the vaccination regimen with loaded DCs was well-tolerated in all patients and no
CTC grade 3 or 4 toxicities were reported. A local skin rash occurred at the site of the
intradermal injection after the first vaccination in 8 of the 10 patients. Subsequent
vaccinations (second and third) gave a quicker and increased induration and erythema in all
patients suggesting that some form of immunity was induced. Most patients developed
mild to severe flu-like symptoms after the vaccination, particularly fever, muscle aches,
chills, and tiredness, these symptoms normalized after one day. Since it was a phase I study,
no conclusions can be drawn regarding improvement of the progression-free survival or
overall survival. However, serum samples from all patients showed a significant increase of
pre-vaccine versus post-vaccine antibodies reactive to KLH, both of the immunoglobulin
(Ig)G and IgM isotype. No or very low amounts of antibodies against KLH were detected in
undiluted serum of all patients before vaccination, illustrating the suitability of this antigen
to determine the immunocompetence of the vaccine. Responses against KLH gradually
increased with the number of vaccinations suggesting that several vaccinations were
necessary to induce a more potent humoral response. Antibodies against KLH in serum
could easily be detectable by ELISA in all patients after three vaccinations. The response
remained at the same level for several months after the last DC injection and gradually
decreased after 6 to 12 months. This proves that a successful immunoreaction was induced
by the DC vaccinations. Furthermore chromium release assays were performed in 6 of 10
patients from whom pleural fluid was obtained. In 4 patients a clear inductions of
cytotoxicity against autologous tumour cells were measured. The cytotoxicity levels of one
patient increased after every vaccination; for the other three patients three vaccinations were
necessary to induce cytotoxicity (figure 3).
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Fig. 3. Percentage of tumour lysis of 6 patients treated with autologous-loaded dendritic cell
immunotherapy, showing a clear increase in tumour lysis in half of the patients after the
third vaccination.
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5. Improving DC-based immunotherapy

While DC-based immunotherapy was proven safe and feasible, it is not “prime time” yet for
commencing a larger randomised trial. Because the applied therapy was technically
challenging and the efficacy of this therapy was hampered by the presence of
immunosuppressive cells in peripheral blood and within the tumour environment, DC-
based immunotherapy can be further refined. Several strategies have been tested or are
currently tested that target the immunosuppressive cells that diminish the immunoresponse
aiming to improve the efficacy of the immunotherapy. In the following sections, we will
focus on three populations of suppressive cells, the MDSCs, Tregs and TAMs, that are
increased in most cancer patients. It is becoming increasingly clear that these populations
contribute to the impaired anti-tumour responses frequently observed in cancer patients.
Therefore, combating immunosuppression through modulation of these cell types will be an
important key to increase the efficacy of DC-based immunotherapy, and should lead to
better prognosis for cancer patients.

5.1 Targeting MDSCs

5.1.1 COX-2 inhibition by celecoxib improves DC-based immunotherapy and is
associated with decreased numbers and function of myeloid-derived suppressor cells
in mesothelioma

The production of reactive oxygen species (ROS), which is responsible for most of the
adverse effects on T cells, by MDSCs is highly depending upon cyclooxygenase-2 (COX-2)
enzyme activity (Sinha e.a. 2007). The inducible COX-2 enzyme is essential in the
biosynthesis of prostaglandins. Over-expression of COX-2 has been described as an
important factor in tumour development. Therefore, high expression of COX-2 has been
correlated with poor prognosis in cancer (A Baldi e.a. 2004). In addition, several studies
showed the relevance of COX-2 inhibition in cancer progression (Edelman e.a. 2008).
Although the relation between COX-2 over-expression and prostaglandin E2 (PGE2)
synthesis in cancer has been studied extensively, the impact on the tumour
microenvironment is still under investigation (Zha e.a. 2004). Selective inhibition of COX-2
could therefore be a possible strategy for improvement of DC-based immunotherapy. Since
celecoxib is a selective COX-2 inhibitor, we investigated the effect of celecoxib treatment on
the four MDSC subsets that were identified in the spleen of tumour-bearing mice (Veltman
e.a. 2010). Splenocytes from mice that were inoculated with AB1 tumour cells and received
celecoxib diet or control diet were analyzed for the presence of the MDSC subsets.

Ten days after tumour inoculation, the absolute number of MDSCs was significantly lower
in mice receiving celecoxib diet compared with mice receiving control diet. This difference
was even more pronounced at day 22 after tumour injection. Also, dietary celecoxib
treatment reduced ROS production in all MDSC subtypes but was most effective in the MO-
MDSC and Gr-1low MDSC subset 2 both in percentage as well as the median fluorescence
intensity (MFI). Anti-tumour responses induced by DC-treatment were affected by
suppressive cells in the spleen of tumour-bearing mice. However, the anti-tumour activity
as indicated by AB1 lysis and IFN-g/granzyme B production by CD8+ T cells was no longer
influenced when co-cultured with splenocytes of mice receiving celecoxib diet, indicating
that COX-2 inhibition leads to a reduction in suppressive immune cells.
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When combining DC-based immunotherapy and celecoxib treatment, a significant
improvement of the immunotherapy was seen in comparison to no or single modality
treatment (figure 4). Treatment of tumour-bearing mice with dietary celecoxib prevented the
local and systemic expansion of all MDSC subtypes and also their suppressive function was
impaired. Combining celecoxib with DC-based immunotherapy demonstrated highly
activated CTLs with superior immunostimulatory potency and anti-tumour activity because
of the reduced MDSCs expansion.
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Fig. 4. Improved survival of tumor bearing mice that were treated by dendritic cell-based
immunotherapy combined with a diet containing the selective COX-2 inhibitor celecoxib.

5.2 Targeting TAMs

5.2.1 Zoledronic acid impairs myeloid differentiation to tumour-associated
macrophages in mesothelioma

We investigated the effect of the depletion of macrophages on tumour progression in a
murine model for mesothelioma by treating mice with liposome-encapsulated clodronate
(Veltman, e.a. 2010). These liposomes are readily taken up by phagocytic cells, including
macrophages, and induce cell-specific apoptosis after clodronate is set free into the
cytoplasm of cells (Claassen 1992). Treatment with liposome-encapsulated clodronate
significantly reduced the number of macrophages in the peritoneal cavity of tumour
inoculated mice. All mice (n=5) treated with control liposome-encapsulated phosphate
buffered saline showed profound tumour growth at day 12. Three of the five mice treated
with liposome-encapsulated clodronate had no visible tumour. In the case of mice that
developed tumours, tumour growth was less profound. Macrophages (M1/M2) were found
scattered throughout the tumour of control mice.

These data confirmed that macrophages have a significant role in the onset and progression
of tumour in our murine mesothelioma model. We observed an inhibition of myeloid
differentiation to macrophages when zoledronic acid (ZA) was added to the culture in vitro,
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conditioned for macrophages. This inhibitory effect on differentiation was dose dependent
and led to significant differences in the number of macrophages and immature cells between
the different culture conditions on day 6. Furthermore, we showed that tumour-derived
factors present in tumour supernatant induced the development of macrophages from bone
marrow-derived cells.

No significant differences on tumour progression and survival could be observed between
untreated mice and mice treated with ZA, a reduction in the number of macrophages and an
increase in the number of immature myeloid cells was detected. We have shown that
treatment with ZA reduces the number of macrophages, but at the same time, we observed
higher levels of immature myeloid cell types. When we further defined the population of
immature myeloid cells, significantly more MO-MDSCs were found. In addition, we found
that the expression of CD206 on macrophages was lower in ZA-treated animals. This
reduced expression of the M2 macrophage marker was accompanied with a significant
reduction in VEGF and CCL-2 (MCP-1) levels and a significant increase in the levels of IL-6
and IL-12.

5.3 Targeting Tregs
5.3.1 Targeting regulatory T cells in clinical studies

Owing to the significant role of Tregs in the failure of immune surveillance and
immunotherapy, many attempts to deplete or inhibit Tregs in cancer patients have been
made. Many of the strategies to reduce Tregs target CD25, which makes up the alpha-
subunit of the IL-2R, that is present on the surface of Tregs and activated cells. An
engineered recombinant fusion protein of IL-2 and diphtheria toxin (denileukin diftitox
[Ontak]) and other CD25-directed immunotoxins (daclizumab, LMB-2, RFT5-SMPT-dgA)
have been investigated for Treg depletion, which seems to kill selectively lymphocytes
expressing the IL-2 receptor. However, early human trials have not proven that this
approach results in tumor regression and have shown that these strategies may not
adequately deplete Foxp3+ Tregs, and may also deplete antitumor effector cells (Attia e.a.
2005; Ruddle e.a. 2006; Attia e.a. 2006; Powell e.a. 2007). Other possible approaches to reduce
immunosuppression of Tregs is via CTLA-4 blockade (e.g. ipilimumab)(Fecci e.a. 2007; Phan
e.a. 2003), anti GITR agonism (Ko e.a. 2005), and vaccination against Foxp3 (Nair e.a. 2007)
and some other suggested approaches, such as the inhibition of IDO, TGEF-B,
ectonucleotidase (expressed by Tregs and generates immunosuppressive adenosine), or the
activation of other agents such as OX40 or Toll-like receptor 8 have not yet proven to be
beneficial. IL-7 administration was shown to increase T cell numbers and decrease of the
Treg fraction in humans (Rosenberg e.a. 2006), on the contrary, other reports have shown
that IL-7 leads to the development of Tregs (Cattaruzza e.a. 2009; Mazzucchelli e.a. 2008). In
conclusion, there are many conflicting results in abrogating the action of Tregs, and thus it is
unclear which approach holds promise for cancer treatment.

5.3.2 Targeting Tregs with metronomic cyclophosphamide

Low-dose cyclophosphamide (CTX) prevents the development and functionality of the
Tregs (Ghiringhelli e.a. 2007), the mechanism behind this effect, however, is not completely
understood. We investigated the effect of CTX on immuno-suppression and the combination
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of CTX and DC-based immunotherapy was studied in a murine MM model (Veltman e.a.
2010). Our data showed that metronomic administration of low-dose CTX has a strong
immune-modulating effect in vivo, causing a shift in ratio between CD19+/CD3+ cells.
Addition of CTX to the drinking water of tumor-bearing mice leads to a significant increase
in the proportion of CD3+ T cells in the peripheral blood and the spleen, whereas the
proportion of Tregs was reduced. When mice were given drinking water supplemented
with 0.13 mg/ml CTX from day 3 till day 10 and day 14 till day 21, an increased survival
was measured. However, the combination of DC-based immunotherapy and CTX
administration significantly improved survival compared to DC- based immunotherapy or
CTX administration alone.

Therefore, we conclude that CTX is a powerful tool to optimize suboptimal DC-based
immunotherapy. Although CTX alone also improves survival, the combination of both was
significantly better.

Following the murine model trial, we commenced a clinical trial in mesothelioma patients.
As in our previous clinical trial, patients received three immunizations with mature DCs,
loaded with autologous tumour lysate and KLH (as positive control), in 2-week intervals.
Each immunization, consisting of 50 x 106 cells, is administered intradermally and
intravenously. Metronomic cyclophosphamide is added in a dosage of 100 mg/day as
pictured in figure 5.

Metronomic cyclophosphamide
administration

135?";‘41113151?19212325—‘2?293133353?39

oy |2 4|16 8 10|12 14 1E||13 20| 22) 24| 26| 28 30|32 34 36 38 40

Pleural DTH (1) OTH (2)
puncture CT Scan CT Scan
CT Scan Leukapheresis

ALIMTA / Cisplatin Ex vivo-generated and tumor
& Vitamin B128& Folic Acid lysate-loaded dendritic cells

Fig. 5. Treatment plan of the clinical study, starting with diagnosis, followed by
chemotherapy treatment. After leukapheresis, dendritic cell therapy with metronomic
cyclophosphamide treatment is commenced. DTH = delayed type hypersensitivity, which
was performed to test the response against KLH and autologous tumour-lysate.

Primary endpoint of the study is to determine the efficacy of metronomic
cyclophosphamide on the modulation of Tregs numbers during DC-based
immunotherapy in peripheral blood. Secondary endpoints are the effect on specific anti-
tumour activity and clinical and radiological responses. At the moment of publication of
this chapter, 8 out of 10 patients have fully completed the immunotherapy treatment. The
secondary endpoints are not available yet, but Treg depletion has been confirmed in our
first patient (figure 6).
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Fig. 6. The first patient in which Tregs were measured during dendritic cell-based therapy
treatment combined with metronomic cyclophosphamide, showing a decrease in Treg
number in peripheral blood (preliminary data).

6. Future research
6.1 Allogeneic DC-based immunotherapy

In mice, we've observed a distinctive immune response when autologous tumour lysate
loaded DC therapy was given after injection of tumour cells. This response was also
effective when allogeneic (DCs loaded with mesothelioma cell line lysate derived from other
mouse strain) tumour loaded DC therapy was given. This provides opportunities because
current clinical trail using autologous lysate loaded DCs are hampered by the amount and
quality of tumour lysate available. Most patients already have been diagnosed with
mesothelioma before being referred for experimental therapy; often it’s not possible to have
a patient-friendly way of gathering useful tumour cells. Also, in the future, dendritic cell
therapy as a mature anti-tumour therapy would be far more practical if an effective
allogeneic tumour cell suspension would be available.

6.2 Response evaluation

Immunotherapy represents a new class of agents in the treatment of mesothelioma. As seen
in Sipuleucel-T in prostate cancer and ipilumumab in melanoma improvement in overall
survival in patients was seen, however, the agents did not change initial disease
progression. Even, a transient worsening of disease manifested either by progression of
known lesions or the appearance of new lesions can be seen, before disease stabilizes or
tumour regresses.
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Commonly accepted treatment paradigm, however, suggests that treatments should initially
decrease tumor volume, which can be measured using CT-scan. Also, progression-free
survival increasingly is being used as an alternative end-point of studies. This seems to be
unfortunate for immunotherapy, which may initiate an immunoresponse that ultimately
slows the tumor growth rate, resulting in longer survival, but not a decrease in tumour
volume on CT or an increased progression free survival. Future trials are currently planned
to investigate these hypotheses, however, clinicians at this moment may need to reconsider
how they measure success of their immunotherapy (Madan e.a. 2010).

7. Summary

In conclusion, the role of the immune system in mesothelioma is vast. The tumour uses
villainous tricks to evade the immune system and to survive and even abuses
immunological cells to harness itself against attack from the immune system.
Immunotherapy tries to modulate this immune system to strengthen the anti-tumour effect,
this battle however is not yet won and much research lies ahead of us.
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1. Introduction

Malignant mesothelioma (MM) is an aggressive and incurable malignancy of the
mesothelium which is linked largely to previous asbestos exposure. In 2008, 2,249 people in
the UK died from MM and median survival is only 6-18 months. The incidence of MM is
still rising and not predicted to peak until 2015 in the UK (Hodgson et al., 2005). However,
due to the asbestos content of many homes and public buildings, MM will be present for
many more decades.

Pemetrexed-cisplatin chemotherapy is the current standard of care, but treatment results in
an improvement in median survival of less than 3 months (Vogelzang et al., 2003).
Furthermore, due to the age and co-morbidities of patients, many are not eligible for
therapeutic intervention. This dictates an urgent need for improved therapies. Pre-clinical
and clinical studies conducted over the years have highlighted the sensitivity of MM to
immunotherapy. Immunotherapy offers an alternative to conventional therapies, utilising
the patients’” own immune system to fight the cancer without severe side effects. It may also
confer additional benefits such as long-term immunological memory, which protects against
future cancer relapse. Furthermore, in a similar manner to the HPV vaccine which is
administered in young women to help prevent cervical cancer, some forms of
immunotherapy may be offered in a preventative setting in people with known previous
asbestos exposure. Most mesothelioma patients are not systemically immunosuppressed
(Jasani et al., 2005) thus expected to respond better to immunotherapy than patients with
systemically immunosuppressive cancers, such as ovarian cancer.

This chapter will address the complex relationship between MM and the immune system
and review the progress of immunotherapy in the treatment of this disease. Furthermore,
we will discuss our clinical trial using the targeted vaccine, Trovax®, for the treatment of
pleural MM patients.

2. MM inflammation & tumourigenesis

MM has a strong aetiological link with previous asbestos exposure, although genetic factors
may also influence susceptibility of individuals to this disease (Weiner & Neragi-Miandoab,
2009). Asbestos exposure causes DNA damage and death of mesothelial cells. One
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consequence is the release of the high-mobility group box 1 (HMGBI) protein, a damage-
associated molecular pattern molecule which is normally retained in the nucleus by
condensed chromatin and is released passively from dead cells. Its release is characteristic of
immunogenic cell death (Apetoh et al, 2007) and it actively recruits inflammatory
macrophages. HMGB1 and macrophage phagocytosis of asbestos fibres activates the Nalp3
inflammasome and induces secretion of the pro-inflammatory cytokines, interleukin (IL)- 1
and tumour necrosis factor-a (TNF-a) (H. Yang et al., 2010; Dostert et al., 2008). TNF-a. is
thought to promote malignant transformation of the mesothelium through nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-«B; a protein complex which controls
DNA transcription)-dependent mechanism, which allows mesothelial cells with asbestos-
induced DNA damage to survive rather than die (H. Yang et al,, 2006). This localised
inflammation alters the permeability of the mesothelial membrane and facilitates the process
of pleural effusion whereby proteins and immune cells from the vascular compartment
mobilise to the pleural space, establishing a tumour-associated immune environment.

3. MM Immunity

The immunosurveillance theory by Burnet in the 1950s proposed that lymphocytes
continuously recognise and eliminate newly transformed malignant cells. With increasing
understanding of how the immune system works in cancer, it is now accepted that
immunosurveillance is part of a more complex interaction between the immune system and
cancer, desribed as immunoediting (Dunn et al., 2002). The concept is supported by
observations such as the depletion of T cells or interferon (IFN)-y resulting in increased
tumour incidence in wild type mice (Koebel et al., 2007). Immunoediting is also likely to
occur in humans, as tumour infiltration with T cells and natural killer (NK) cells (both
effector immune cell types, able to destroy tumour cells by cell-cell killing) is associated with
better prognosis in several malignancies, such as colon cancer (Galon et al., 2006) and
indeed MM (Anraku et al., 2008). Furthermore, in immunosuppressed transplant recipients,
malignancy is the third most common cause of death and not only from cancers of viral
origin (Rama & Grinyd, 2010). It is likely that the immune system in MM, similarly to that in
other solid tumours, plays an important role during cancer progression and response to
traditional treatments.

3.1 MM immune-engagement

The theory of immune-recognition of the tumour is that professional antigen presenting
cells (APC), such as dendritic cells (DC) internalise antigen from dying tumour cells and
home to the tumour draining lymph nodes (TDLN). In the TDLN, DC cross-present antigen
on major histocompatibility complex class I (MHC I) molecules and in the presence of
adhesion and co-stimulatory molecules, prime naive CD8* T cells resulting in their clonal
expansion. Activated antigen-specific CD8* T cells leave the TDLN, enter the circulation and
migrate towards the tumour. At the tumour site these effector or cytotoxic T cells (CTL)
recognise tumour antigen expressed on the surface of tumour cells on MHC I molecules and
specifically kill those cells.

3.1.1 Tumour-associated antigens in MM

The presence of tumour-associated antigens (TAA), absent or weakly expressed on healthy
cells, is crucial for the instigation of a tumour-specific immune response. Many antigens
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may be expressed by the tumour, however not all will necessarily elicit an immune response
(Sommerfeldt et al., 2006). Antigens are largely categorised into 4 groups: i) cancer-testis
antigens, e.g. New York-ESQO, as the name suggests, are thought to be present selectively on
cancer cells or in the testis. ii) Differentiation antigens, e.g. mesothelin, are expressed on
both malignant cells and on the normal tissue from which they are derived. iii)
Overexpressed antigens, e.g. mucin-1 (Muc-1), Wilms tumor-1 (WT-1), folate receptor-a (FR-
a) and survivin, are expressed in a variety of normal tissues, but are overexpressed in
tumours. iv) Oncofoetal antigens, e.g. 5T4, are expressed predominantly in the developing
foetus and in tumour cells.

Antigen uptake by APC, mainly in the periphery, is crucial for the priming of T cells in the
TDLN by these APC. TAA may be taken up when a tumour cell is killed by
chemotherapeutic agents or undergoes necrosis in hypoxic regions within the tumour. In
MM, antigen uptake may even occur at the time of malignant transformation, when asbestos
induces the death of mesothelial cells which share some (e.g. differentiation) antigens with
malignant cells. However, as many of these antigens are also ‘self antigens’ present on
normal tissues, they may be subject to self-tolerance, which protects the body from
autoimmunity. T cells with high affinity to self antigens are either deleted in the thymus
during ontogeny or are regulated by peripheral tolerance mechanisms. However, in
tumours a lot of these antigens are overexpressed, which, together with other stimulatory
signals, may help to break tolerance, leading to immune recognition.

Several TAA have been identified in MM, all of which are potential immune targets and
many have also been exploited for targeted immunotherapies.

Mesothelin is a differentiation antigen that is normally present on mesothelial cells but is
highly over-expressed in epithelioid mesothelioma, while absent in sarcomatoid subtypes
(Ordoériez, 2003). Its gene encodes a precursor protein which is proteolytically processed into
two components; a membrane bound protein, mesothelin, and a secreted protein,
megakaryocyte-potentiating factor (Chang & Pastan, 1996). Mesothelin is used as a
diagnostic marker in MM, while soluble forms of the protein, the levels of which correlate
with clinical stage and tumour burden, can be used as surrogate markers for clinical
response to therapy (Creaney et al., 2011). Furthermore, soluble-mesothelin related protein,
a member of the mesothelin family of proteins, has been identified as a possible biomarker
for MM (Robinson et al., 2005) and has been developed as a commercial assay used in the
detection and management of MM (Beyer et al., 2007). The normal biological function of
mesothelin is unknown, although it has been implicated in cellular adhesion and mestastatic
spread (Hassan et al., 2010). Mesothelin can be targeted on tumour cells by CTL (Yokokawa
et al., 2005). Furthermore, mesothelin-specific antibodies were found to be elevated in 39.1%
of mesothelioma patients (Ho et al., 2005).

WT-1 is a transcription factor that was originally described as a tumour suppressor gene but
is now known to be involved in tumourigenesis. It can positively or negatively regulate the
expression of various genes involved in cellular proliferation, differentiation and apoptosis
(L. Yang et al, 2007). In normal adult tissue, WT-1 is expressed at low levels on
haematopoietic stem cells, myoepithelial progenitor cells, renal podocytes and some cells in
the testis and ovary (Mundlos et al., 1993). It is known to be upregulated in epithelioid MM
but not in the sarcomatoid subtype and furthermore, its expression does not appear to be of
significant prognostic value (Kumar-Singh et al., 1997). However, WT-1 is a relevant
immune target in MM (May et al., 2007).
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Muc-1, also known as epithelial membrane antigen, is a heavily glycosylated
transmembrane protein that is normally found on the apical cell surface of normal glandular
epithelium of many tissues, on haematopoietic stem cells and normal mesothelial cells
(Baldus et al., 2004). It is overexpressed in the majority of epithelioid MM in an altered
glycosylation form (Creaney et al., 2008). While it has been shown that Muc-1* MM cells are
subject to CTL-mediated killing in vitro (Roulois et al., 2011), there are currently no Muc-1
targeted therapies under development for MM patients.

Survivin is a member of the inhibitor of apoptosis gene family that is implicated in the
control of cell division and apoptotic cell death (Altieri, 2004). It is barely detectable in
normal adult tissue but specifically upregulated in tumour cells (Ambrosini et al., 1997). In
MM, survivin was observed in 91% of surgical specimens and its knockout with siRNA
restored the apoptotic potential of the cells (Zaffaroni et al., 2007). Its expression is a
negative prognostic indicator in MM and it may play a role in therapy-refractoriness (GJ
Gordon et al., 2007). Survivin is also a target for CTL-mediated killing in patients (Andersen
et al., 2001).

FR-a is a glycosyl phosphatidylinositol-anchored glycoprotein that is found on the surface
of many epithelial cells (Elnakat & Ratnam, 2004; Weitman et al., 1992). It binds folate at
high affinity and mediates its transmembrane transport into the cell cytoplasm for use in
purine, pyrimidine and ultimately DNA biosynthesis, a process that is essential for rapidly
dividing tumour cells (Antony, 1996; Sierra & Goldman, 1999). FR-a is overexpressed in 72%
of MM, regardless of subtypes. Furthermore, the level of expression is 2-4-fold higher in the
tumour, compared with normal tissues (Bueno et al., 2001). It has also been shown to bea T
cell target (Knutson et al., 2006). While the targeting potential of this antigen has been
realised in many studies (Salazar & Ratnam, 2007), it has not been tested in MM.

5T4 is a cell surface oncofoetal glycoprotein (Hole & Stern, 1988). It has restricted expression
in normal tissues but is overexpressed in numerous malignancies, such as testicular, breast
and colon cancer (Southall et al., 1990). Our studies have identified the presence of this
antigen on pleural MM cells and we also demonstrated the presence of 5T4-specific T cells
and antibodies in patients (Al-Taei et al., Manuscript). It alters cellular dynamics facilitating
metastatic spread (Carsberg et al., 1996; Southgate et al., 2010). Consequently, 5T4-targeted
therapies are under development, such as antibody-based therapies, conjugated to
cytotoxics such as calicheamicin (Boghaert et al., 2008) or Staphylococcal enterotoxin E
(ABR-214936) which proved effective in phase II clinical trials in patients with advanced
renal cell carcinoma (Shaw et al., 2007). The cancer vaccine Trovax® (a modified vaccinia
Ankara virus encoding 5T4) is also undergoing clinical trials. It has been tested in 500
patients in Phase I, II and III clinical trials in advanced colorectal, renal and prostate cancer.
The vaccine was well tolerated and a positive association was observed between the level of
vaccine-induced antibody responses and clinical outcome (Harrop et al., 2010; DW Kim et
al., 2010).

3.1.2 Antigen presentation by MM cells

Correct functioning of the antigen-processing machinery, transporter for antigen
presentation-1 (TAP-1) and MHC I expression by tumour cells is necessary for T cell
recognition. One study has shown that in four MM primary cell lines, all cells
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homogeneously expressed MHC I and II molecules (Mutti et al., 1998). This is in contrast to
two further reports, one of which demonstrated the presence of only MHC I molecules on
cell lines (Christmas et al, 1991), while the other also found only MHC I and not II
expression in 100% of 44 tissue sections from MM patients (Yamada et al., 2010). The
widespread detectable expression of MHC I molecules on MM tumour cells is an important
feature for immunotherapy as they are downregulated in many cancers to evade immune
cell killing (Romero et al., 2005). Furthermore, there are no reports on TAP-1
downregulation in MM.

3.1.3 Clinical relevance of MM immunity

The prognostic value of immune parameters in MM has been reported by independent
research groups. Leigh and Webster were the first to report the significance of T cell
infiltration on survival in MM patients, demonstrating a positive correlation between T cells
and increased survival (9 months vs. 18 months in patients who showed infiltration) (Leigh
& Webster, 1982). Later, phenotypic analysis identified that high frequencies of CD8*
tumour infiltrating T cells correlated with significantly increased proportions of apoptotic
tumour cells and better progression-free and overall survival than those in patients with low
CD8* T cell frequencies in the tissue (Anraku et al., 2008). In the same study, increased
frequencies of CD4*CD25* T cells and CD45RO* memory T cells tended to be negative
prognostic indicators following induction chemotherapy. Yamada et al. studied T cell
infiltration in 44 patients by immunohistochemistry and also reported a correlation between
higher levels of CD8* T cell infiltration and clinical outcome (Yamada et al., 2010). Higher
frequencies of infiltrating CD3* T cells correlated with worse overall survival but only in
patients with sarcomatoid or biphasic histology (Burt et al., 2011). However, the authors did
not elaborate on the different T cell subsets and potential ratios of regulatory T cells (Treg)
to CD8* T cells in these patients. MM tissues typically contain high numbers of myeloid cells
(B Davidson et al., 2007). High myeloid cell counts, such as monocytes and macrophages,
are negative prognostic indicators in MM with sarcomatoid and biphasic histology (Burt et
al., 2011). Conversely, no correlation was noted between macrophage infiltration and
prognosis in epithelioid patients. Tumour infiltration by tryptase expressing
proinflammatory mast cells has also been identified as a positive prognostic indicator in
patients (Al et al, 2009). In addition, several reports have documented spontaneous
regression in MM patients with a possible immunological basis (Robinson et al., 2001; Pilling
et al., 2007; Allen, 2007).

The studies highlighted in this section have demonstrated that MM is a sulfficiently
immunogenic cancer and it induces immune recognition, immune cell infiltration and
immune-mediated killing, the extent of which defines disease prognosis.

3.2 MM immune-escape

In a recent review, the hallmarks of tumour development were described incorporating our
most recent knowledge about these events. Integral to all these hallmarks is the genomic
instability of tumours, which fosters aberrant tumour phenotypes (Hanahan & Weinberg,
2011). Immune evasion has recently been included in this concept. Immune evasion may
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arise due to immunological pressure which drives tumour transition from immunosensitive
to immunoresistant variants. This was shown in a model where tumours only maintained
their immunogenicity in immunodeficient mice (Shankaran et al., 2001).

Localised immune evasion has many different forms. Tumour cells can express
immunosuppressive markers and release immunosuppressive soluble factors which may in
turn promote the accumulation of regulatory immune cells at the tumour site. Alternatively,
the inflammatory tumour environment may non-specifically attract suppressor cells to
regulate the level of inflammation (Bunt et al., 2007). The immunosuppressive nature of the
tumour environment in MM has been widely reported (DeLong et al., 2005; Hegmans et al.,
2006) and will also be addressed in another chapter in this book. Immunosuppressive
influences that are relevant to MM immunotherapy are discussed here.

3.2.1 Tumour-mediated immune escape mechanisms

MM tumour cells have been shown to release cytokines and chemokines that cause the
preferential accumulation of immunoregulatory cells at the tumour site. Treg are
characterised as CD4*CD25* T cells that express the transcription factor forkhead box P3
(foxp3). They can inhibit both CD4* and CD8* T cells by release of immunosuppressive
soluble factors such as IL-10 and transforming growth factor (TGF)-p (Hall et al., 2011). The
chemokine CXCL12 was identified in all tissue samples from 6 MM patients and was
chemotactic to Treg. MM can therefore actively recruit Treg to the tumour site (Shimizu et
al., 2009). Also, cytokines released by tumour cells such as IL-6 and IL-8 have been shown to
cause preferential migration of Treg towards the tumour (Eikawa et al.,, 2010). There are
conflicting reports for the role of Treg in the survival of MM patients. One study showed
that while patients with a high level of CD4*CD25* T cells infiltration demonstrated shorter
survival (though not statistically significant), the presence of foxp3, did not affect survival
(Anraku et al, 2008). Another study concluded that Treg do not mediate
immunosuppression in a MM model (Jackaman et al., 2009), while significant increase in
the number of Treg was not seen in MM patients (Meloni et al., 2006). However, in a clinical
trial involving 66 patients treated with IL-2, Treg frequency was a significant negative
prognostic factor (Ali et al., 2009). The frequencies of infiltrating Treg, rather than those in
the periphery, may serve as relevant indicators of disease prognosis.

Normal and malignant mesothelial cells can also release cytokines that are chemotactic for
monocytes including macrophage inflammatory protein-1, monocyte chemotactic protein-1,
granulocyte-colony stimulating factor and granulocyte-macrophage-colony stimulating
factor (GMCSF) (Schmitter et al., 1992). Once monocytes infiltrate the tumour, they can
differentiate into tumour-associated macrophages (TAM) that are polarised towards the M2
suppressor phenotype (Sica, 2010).

Myeloid-derived suppressor cells (MDSC) are a phenotypically heterogeneous population of
myeloid cells at different stages of maturation. They are well characterised in mouse models
but less well studied in humans. MDSC inhibit T cell effector functions through a variety of
mechanisms (Ostrand-Rosenberg, 2010). While the significance of these MDSC in MM has
not been identified, they have been targeted by immunotherapies with promising results
(discussed later).
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TGF-f is a homodimeric protein with three isoforms; TGF-B1, TGF-B2 and TGF-$3
(Massagué, 1987). It is secreted by various immune cells such as macrophages, neutrophils,
lymphocytes and also by malignant cells, including MM (Kumar-Singh et al., 1999). In
cancer, TGF-B is a potent tumour promoter, stimulating angiogenesis and altering the
stromal environment and is also a powerful local and systemic immunosuppressor (Mantel
& Schmidt-Weber, 2011). TGF-$ has been implicated in the cytokine profile shift of T cells
which infiltrate the tumour in a mouse model of MM, from pro-inflammatory (interferon;
IFN-y) to anti-inflammatory (IL-4) cytokine-producing cells (Jarnicki et al., 1996).

MM tumours produce vascular endothelial growth factor (VEGF) (Strizzi et al., 2001) that
mediates angiogenesis. VEGF production by tumours encourages bulky tumour growth and
metastatic spread. High levels of VEGF has also been associated with a resistance to IL-2
immunotherapy (Bonfanti et al., 2000).

3.2.2 Resistance to CTL killing

Tumor cells also develop mechanisms to evade T cell killing, such as suboptimal antigen
presentation, resulting in the lack of recognition by CTL (Setiadi et al., 2007). Disregulation
of the tumour suppressor, p53, may lead to resistance to apoptotic signals. In MM, merlin is
a known regulator of murine double minute 2 degradation (Sekido et al.,, 1995) with
implications on p53 regulation. Cell-cycle checkpoint control defects are frequent in MM
(Lopez-Rios et al., 2006), such as consistent overexpression of checkpoint kinase 1, a DNA
damage-induced checkpoint kinase in S and G2/M phases (Romagnoli et al., 2009), serving
as another potential CTL resistance mechanism. Upregulation of anti-apoptotic and multi-
drug resistance pathways may also impact on CTL sensitivity, such as overexpression of the
B-cell CLL/lymphoma 2 family of proteins, especially myeloid cell leukemia sequence 1 (SL
O'Kane et al., 2006), and abnormal activation of the Raf/ MEK/ERK pathway (de Melo et al.,
2006) and the PI3K/AKT pathway (Garland et al., 2007) in MM. CD200 is a potential
diagnostic marker of MM (G] Gordon et al., 2002) with inhibitory effects on mixed
lymphocyte reaction and NK-cell cytotoxicity (Wright et al., 2003). B7-H1 (programmed cell
death 1 (PD-1) ligand 1) is also expressed on MM (A] Currie et al., 2009) and negatively
regulates the activity of PD-1-expressing T cells (Berthon et al., 2010).

Similar to other solid tumours, MM carries the signs of immunological pressure, as several
immune evasion mechanisms can be observed in patients. These not only serve as evidence
of engagement between the tumour and the immune system, but also offer potential targets
to remove evasion mechanisms and empower the immune system to attack the tumour.

4. Immunological interventions in MM

Immunotherapies can either be non-specific, stimulating the immune system in a general
way which may also induce or amplify anti-tumour responses or targeted at a known
tumour antigen, generating or boosting specific anti-tumour immune responses. Many
immunotherapeutic strategies have been tested in MM.

4.1 Non-specific therapies

The aim of non-specific immunotherapy is to induce general immune stimulation, powerful
enough to break immune tolerance induced by the tumour, thereby promoting tumour cell
destruction.
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4.1.1 Cytokine therapy

Cytokines are best described as messengers of the immune system. They are secreted by
both tumour and immune cells and have immunoregulatory roles. IL-2 and IFN-a2b are two
cytokines currently approved by the FDA for the treatment of cancer. Both IL-2 and IFN-a2b
have demonstrated activity against renal cell carcinoma, melanoma, lymphoma and
leukaemia. Cytokines tested in MM are stated in Table 1.

Interferons are a family of cytokines that influence the quality of cellular immune responses
and amplify antigen presentation to specific T cells. There are two major classes; IFN-o, IFN-
B (the type I interferons secreted by virus infected cells and DC) and IFN-y (the type II
interferon secreted by T cells, NK cells and macrophages). The immunoregulatory effects of
IFNs extend to antibody production, NK and T cell activation, macrophage function and
MHC antigen expression (Wang et al., 2011). Gene delivery of IFN is the prevalent mode of
delivery in patients as it leads to high and prolonged local cytokine concentrations that are
sufficient to induce immunogenic tumour cell death, break tolerance and activate anti-
tumour immune responses (Vachani et al., 2007).

In preclinical studies IFN-y has been shown to skew the immunosuppressive M2 phenotype
of TAM, converting them into M1-polarised immunostimulatory macrophages (Duluc et al.,
2009). IFENs have also been shown to have anti-angiogenic and anti-proliferative effects on
the tumour (Rosewicz et al., 2004). The antiproliferative properties of IFN have also been
shown in several mesothelioma cell lines (Zeng et al., 1993).

Viral mediated IFN gene-transfer is very popular in IFN immunotherapy. Sterman and
colleagues have carried out several clinical trials delivering IFN. Their first trial involved the
administration of a single dose of adenovirally encoded IFN-f, where four out of 10 patients
showed clinically meaningful responses. Administering two doses rather than one showed
no survival benefit due to neutralising antibodies against the viral vector. Subsequently they
used a similar adenoviral vector but substituting IFN-p for IFN-a2b and found that to be
more potent as six of the nine patients treated displayed clinical responses. Boutin et al.
conducted a study involving 89 patients. They showed that there was an overall response
rate of 20%. However, this went up to 45% when data from only stage I patients was
analysed (Boutin et al.,, 1991). This trend for better survival in early stage patients was
commonly seen with interferon therapy.

Interleukins are another class of cytokines with multiple immunoregulatory properties. IL-
2 is a pro-inflammatory cytokine produced by activated T cells and promotes T cell
proliferation, differentiation and survival. It can also enhance NK cells, neutrophil and
macrophage function. On the other hand, it can also boost Treg function (Malek, 2008;
Foureau et al., 2011).

In MM cell lines, IL-2 was shown to affect the cell cycle, resulting in an accumulation of cells
in the GO/G1 phase with subsequent apoptosis (Porta et al., 2000). In the AE17 mouse
model, IL-2 markedly enhanced CD8* CTL activity and decreased tumour vasculature,
resulting in tumour regression, with mice remaining tumour free for >2 months (Jackaman
et al.,, 2003). This was mirrored in a clinical trial where IL-2 administered preoperatively
induced significantly greater recruitment of CD8* T cells, tryptase mast cells and also
inhibited tumour-associated vasculature (Ali et al., 2009). There have also been reports that
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Therapy Route of Patients Reference
Administration Recruited

Interferon

IFN-02b Intrapleural via 9 (Sterman et al., 2011)
Adenoviral gene transfer

IFN-B Phase I |Intrapleural via 10 (Sterman et al., 2010)
Adenoviral gene transfer

IEN-B Oncolytic vesicular Murine model |(Willmon et al., 2009)
stomatitis
virus gene transfer

IFN-B Phase I |Intrapleural via 7 (Sterman et al., 2007)
Adenoviral gene transfer

IFN-B Adenoviral gene transfer |Murine model |(Kruklitis et al., 2004)

IFN-B Adenoviral gene transfer |Murine model |(Odaka et al., 2002)

IFN-y Adenoviral gene transfer |Murine model |(Gattacceca et al., 2002)

IFN-B Adenoviral gene transfer |Murine model |(Odaka et al., 2001)

IFN-o Systemic Murine model |(Bielefeldt-Ohmann et al.,

1996)

IFN-0a2b Phase |Systemic 14 (Ardizzoni et al., 1994)

I

IFN-y Intrapleural 89 (Boutin et al., 1994)

IFN-a2a Systemic 25 (Christmas et al., 1993)

IFN-y Intrapleural 22 (Boutin et al., 1991)

IFN-B Phase I |Systemic 14 (Von Hoff et al., 1990)

Interleukin

IL-2 Pre-operative intrapleural |60 (Ali et al., 2009)

IL-2 Intratumoural Murine model |(Jackaman et al., 2003)

IL-2 Intrapleural 12 (Porta et al., 2002)

IL-2 Phase I  |Combined intravenous 29 (Mulatero et al., 2001)
and subcutaneous

IL-2 Phasell |Intrapleural then low dose |31 (Castagneto et al., 2001)

subcutaneous

IL-2 Intratumoural via Vaccinia |6 (Mukherjee et al., 2000)
Virus gene transfer

IL-2 Phase II  |Intrapleural 22 (Astoul et al., 1998)

IL-2 Intrapleural 11 (Astoul et al., 1995)

IL-2 Intrapleural 23 (Goey et al., 1995)

Phase I /11

1L-12 Systemic or intratumoural |Murine model |(Caminschi et al., 1998)

IL-12 Phase I  |Intraperitoneal 1 (Lenzi et al., 2002)

GMCSF

GMCSF Intratumourally 14 (Davidson et al., 1998)

GMCSF Intratumourally via Murine model |(Triozzi et al., 2005)

Fowlpox gene transfer

Table 1. Cytokine therapy trials conducted in MM
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IL-2 activated non-specific NK-like cells with in vitro cytotoxic activity (Astoul et al., 1995).
Other effects seen with IL-2 include the resolution of pleural effusion which was observed in
90% of patients receiving intrapleural IL-2 followed by low dose IL-2 maintenance
(Castagneto et al., 2001). IL-2 trials in MM have been met with varying successes. Systemic
administration was associated with adverse toxicities and suboptimal response rates
(Bernsen et al., 1999). More promising results were obtained with localised delivery of IL-2,
however it remains more toxic than IFN therapy.

More experimental settings have also been tried, such as the intratumoural administration
of IL-2 with a poly-N-acetyl glucosamine-based polymer gel which not only caused slow
release of the cytokine, but also triggered inflammation, recruiting inflammatory cells to the
tumour site in a mouse model of MM (van Bruggen et al., 2005). A possible reason for the
weak responses to IL-2 therapy is that IL-2, like IFN, has a short half-life of around 10 mins
and may benefit from viral gene transfer to prolong its effects. Vaccinia virus-mediated gene
transfer of IL-2 resulted in direct retardation of tumour growth, as well as the release of IL-2
(Mukherjee et al., 2000; Jackaman & Nelson, 2010). However, as only 6 patients were treated,
it is difficult to compare it to recombinant IL-2.

IL-12 is a proinflammatory IL with potent immunoregulatory effects on NK and T cells
(Trinchieri, 1995). In a murine model of MM, IL-12 was administered intratumourally,
resulting in temporary tumour regression, correlating with the influx of CD4* and CD8* T
cells. However, tumour regrowth was evident after cessation of treatment indicating that
protective memory was not generated (Caminschi et al., 1998). In a mixed patient phase I
trial, with one mesothelioma patient included, the MM patient showed a complete response
when treated with intraperitoneal IL-12 prior to surgery and remained progression-free at
two years after therapy. The response correlated with increased IFN-y and TNF-a[Jserum
levels (Lenzi et al., 2002).

GMCSF enhances the APC activity of DC and macrophages as well as enhancing the
tumour cell cytotoxic activity of macrophages (Warren & Weiner, 2000). It also upregulates
costimulatory molecules on DC (Larsen et al., 1994). When released by MM cells, in contrast
to its immunostimulatory properties, it can increase tumour cell proliferation and recruit
suppressor cells (MDSC) to the tumour site (Oshika et al., 1998; Young et al., 1992). In both
human and animal studies, GMCSF had very limited anti-tumour efficacy. Intratumoural
infusion of GMCSF into 14 patients was associated with systemic toxicity. Tumour necrosis
was evident around the catheter in one patient while another showed marked T cell
infiltration into the tumour and a partial response. Of the other patients, 10 had progressive
disease, and three, including the patient with the necrosis in the tumour, had no response
(JA Davidson et al., 1998). The intratumoural administration of GMCSF expressed by
fowlpox virus in a mouse model had little effect and GMCSF-treated animals died by day 30
vs. control animals by day 35 (Triozzi et al.,, 2005). It is not clear whether the tumour-
potentiating effects of GMCSF were responsible for this observation. No further GMCSF
trials have been pursued in MM patients.

4.1.2 Costimulation strategies

CD40 costimulation is another strategy for immunotherapy. CD40 is a glycoprotein that
belongs to the TNF receptor superfamily and is expressed on DC and monocytes
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(Banchereau et al., 1994). Its ligand, CD40L, is preferentially expressed on mast cells and
CD4+* T cells and has an important role in determining whether the CTL response is initiated
or tolerised. Antigen presentation in the absence of CD40 ligation leads to T cell tolerance
(Schoenberger et al., 1998). Interaction of CD40 with its ligand during antigen presentation
results in production of IL-12 and upregulation of B7-1 and B7-2 costimulatory molecules
necessary for generating T cell responses (Schoenberger et al., 1998). Exogenous CD40
ligation has been extensively explored as an immunotherapeutic strategy (Todryk et al.,
2001).

In a mouse model of MM, where the CD40L was administered via an adenoviral vector,
intratumoural delivery of CD40L resulted in not only the regression of the primary tumour,
but also regression at distal sites. This was shown to be mediated by CD8* T cells
(Friedlander et al., 2003). Agonistic CD40 antibody administered intravenously did not
generate long-lasting immunological memory and tumour regrowth was evident after
cessation of treatment (Stumbles et al., 2004). Agonistic antibody in low doses administered
into the tumour-bed resulted in 60% survival rate with most mice cured. In this model, CD8*
T cells were not required for anti-tumour response, but instead B cells were the mediators
(Jackaman et al., 2011). No patient trials have been reported for CD40 in MM, however, pre-
clinical data sets the precedent for a future trial.

Toll-like receptors (TLR) are mainly expressed on antigen presenting cells and control their
activation, maturation and migration. Similarly to CD40, antigen presentation in the absence
of TLR ligation may also induce tolerance and so they can alter the context of the immune
response. Persistent TLR stimulation has been shown to break tolerance against TAA (Y
Yang et al., 2004). In a mouse model of MM, treatment with TLR agonists specific for TLR3,
TLR7 and TLR9 resulted in tumour resolution in 40% of mice, with a delay in tumour
progression in the other treated mice. The treatment induced type I IFNs and was
dependent on the induction of CD8* T cells at the tumour site (A] Currie et al., 2008). TLR
agonists may represent a promising new agent group to stimulate anti-tumour immune
responses, especially in an adjuvant role.

4.1.4 Adoptive cell transfer

Dendritic cell based therapies are an exciting area of research and have shown much
promise in MM. These will be discussed in another chapter in this book.

4.1.3 Other strategies

Soluble type II TGF-p receptor, which binds TGF-p1 and TGF-3, was implemented in three
MM mouse models. The AB12 and AC29 models produce large amounts of TGF-f, while the
AB1 model does not. Predictably, suppression of tumour growth attributed to the addition
of the soluble TGF-f} receptor was only evident in the AB12 and AC29 tumours. CD8* T cells
were responsible for tumour cell killing following treatment, but were less efficient in bulky

TGF-p secreting tumours. Furthermore, complete regressions were not observed (Suzuki et
al., 2004).

SM16 is a small molecule inhibitor of TGF-B type I receptor kinase. When administered
locally, it also inhibited tumour growth by a CD8* T cell-dependent mechanism.
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Furthermore, post-surgical administration of SM16 reduced tumour recurrence (Suzuki et
al., 2007).

CD26 is a cell surface glycoprotein with dipeptidyl peptidase IV activity in its extracellular
domain and is a T cell activation molecule, playing roles in T cell costimulation and signal
transduction processes (Ishii et al., 2001; Ohnuma et al., 2004). It is also highly expressed on
MM, but not in benign mesothelial tissue, and implicated in tumour growth and metastases
(Inamoto et al., 2007). A humanised anti-CD26 antibody was shown to lyse MM cell lines
and also prolong survival in a mouse model of MM (Inamoto et al., 2007).

Anti-CD25 antibody, applied intratumourally to target Treg within the tumour, resulted in
85% depletion of intratumoural Tregs and inhibited tumour growth, which was extended
with multiple injections (Needham et al., 2006). These data suggest that removing Treg may
contribute to the success of combination therapies.

4.2 Targeted therapy

Tumour-specific markers that have been exploited for targeted therapy either in pre-clinical
or clinical settings are described below.

Mesothelin has been shown to be a T cell target as CTL specific for mesothelin peptides can
lyse tumour cells (Yokokawa et al., 2005). Furthermore, mesothelin-specific antibodies were
elevated in 39.1% of mesothelioma patients (Ho et al., 2005). It is the most widely studied
antigen in MM and is at the forefront of many MM-targeted therapies. Antibody-guided
targeting of mesothelin accounts for the majority of mesothelin-targeted therapies. In pre-
clinical studies, monoclonal antibody induced antibody-dependent cellular cytotoxicity
against human MM cell lines in a xenograft model (Inami et al., 2010).

SSIP is a high affinity anti-mesothelin murine antibody which has been genetically
combined with a fragment of the potent cytotoxic Pseudomonas endotoxin, PE38. A phase I
trial established the safe dose of the antibody and showed evidence of modest clinical
activity (Kreitman et al., 2009).

MORADbLO09 (Morphotek Inc.) is a high affinity chimeric (mouse/human) monoclonal
antibody. It kills mesothelin positive cell lines via antibody-dependent cellular cytotoxicity
(Hassan et al., 2007). A phase I trial administering IV MORADb-009 was carried out in 13
mesothelioma patients and no complete or partial responses were noted (Hassan et al.,
2010). Morab009 is currently being evaluated in a phase II trial in patients with unresectable
MM, where it is being administered in combination with pemetrexed and cisplatin
(ClinicalTrials.gov NCT00738582).

Studies demonstrating mesothelin-specific CD8* T cell responses in patients (Thomas et al.,
2004) have provided a rationale for mesothelin as a tumour vaccine. CRS-207 is a vaccine
consisting of a live-attenuated bacterium Listeria monocytogenes encoding human mesothelin.
A phase I clinical trial of CRS-207 for the treatment of 17 patients with mesothelin-
expressing tumours is being conducted.

WT-1 peptide mix, incorporating one CD8 epitope, two CD4 epitopes and one peptide with
both CD8 and CD4 epitopes, was developed. The peptides were combined with a Montanide
adjuvant before injection and the injection site was primed with GMCSF. Nine MM patients
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were treated, eight of which developed disease progression and died. One patient however,
remained progression-free for 36 months after the start of the study (Krug et al., 2010).

5T4. We are conducting a phase II clinical trial in pleural MM patients due to start later in
the year. Patients will be treated with TroVax® (9 injections) in combination with the
standard chemotherapy, pemetrexed and cisplatin (4 cycles) according to the scheme shown
in Figure 1. Twenty-six chemotherapy-naive patients with confirmed MM disease and who
have normal baseline haematology will be recruited to the trial. The primary endpoint of the
trial will be the safety of the regimen and detection of 5T4-specific immune responses either
by T cell stimulation assays or the measurement of anti-5T4 antibodies in the patients’
plasma. The secondary endpoint will be progression-free survival and overall survival at 6
& 12 months following treatment initiation.

Combination therapy with Pemetrexed/Cisplatin (4 cycles)
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Fig. 1. Schematic diagram of the treatment schedule in the TroVax® trial. Syringes indicate
points of vaccine administration. The cycles indicate chemotherapy treatments. W = weeks
following trial initiation.

4.3 Combined immunotherapies

As the clinical efficacy of single agent immunotherapies has been limited, combination
immunotherapies may induce improved clinical outcomes, particularly if the strategies
target both immunosuppressive and immunostimulatory immune mechanisms (Zitvogel et
al., 2008). Kim et al. combined SM16, an orally active TGF-B receptor inhibitor, with
adenovirally delivered IFN-$ in a mouse model of MM and lung cancer. When administered
alone, adenoviral IFN-f slowed tumour growth whereas TGF- inhibition with SM16 alone
decreased the size of the tumours and induced one complete regression. However,
combination therapy resulted in synergistic effects by shrinking all tumours and inducing
complete remissions in four out of five mice. This coincided with significant increases in the
frequencies of CD45* and CD8* T cells and NK cells (S. Kim et al., 2008).

5. Combination chemo-immunotherapy in MM

Recently, much work has been carried out on the immune-mediated anti-tumour
mechanisms of chemotherapy and how chemotherapy could be used to facilitate tumour
immunity. Physical destruction of tumour cells by chemotherapy not only makes it a more
manageable target for immune attack but also provides tumour antigen for the cross-



Mesotheliomas - Synonyms and Definition, Epidemiology, Etiology,
134 Pathogenesis, Cyto-Histopathological Features, Clinic, Diagnosis, Treatment, Prognosis

presentation pathway. The immune-potentiating effects of chemotherapy have become a
new focus in the field of tumour targeted immunotherapy (Lake & Robinson, 2005). On the
other hand, improving immune parameters prior to chemotherapy can chemosensitise cells
and augment the cytotoxic effects of chemotherapy (Radfar et al., 2009).

5.1 Inmunogenic effects of chemotherapy

There is a paradoxical relationship between chemotherapy and the immune system whereby
lymphodepletion may be reconciled with the induction of effective anti-tumour immunity.
Lymphodepletion is a common side effect of chemotherapy at therapeutically relevant
concentrations. Lymphodepletion can be beneficial to tumour immunity as it has been
shown to enhance T cell homing into tumour-beds and intra-tumoural proliferation of
effector cells (Dudley et al., 2002). Some reports claim that chemotherapy actually spares
memory T cells (Coleman et al., 2005). Furthermore, following lymphodepletion, there is a
repopulation of naive T cells which are biased towards self-antigen reactivity which could
be exploited as there is decreased competition for cytokines and decreased tumour-derived
immunosuppressive effects (Dummer et al., 2002). Many studies have also examined the
immunological effects of low-dose chemotherapy, demonstrating immune potentiating
effects of chemotherapy, such as increased APC function of DC, a phenomenon known as
chemomodulation (Zitvogel et al., 2008; Shurin et al., 2009).

Cyclophosphamide was shown to selectively eliminate Tregs in animal models and patients
(Ghiringhelli et al., 2004; Ghiringhelli et al, 2007, van der Most et al, 2009).
Cyclophosphamide was also found to deplete 75% of total CD8* T cells while
simultaneously conferring a strong CD8* T cell-dependent anti-tumour response which
culminates in 75-100% cure rate in a MM mouse model. Cyclophosphamide sensitised
tumour cells to TRAIL (tumour necrosis factor related apoptosis-inducing ligand)-mediated
apoptosis induced by CD8* T cells, in the absence of their expansion (van der Most et al.,
2009).

The cyclooxygenase-2 (COX-2) inhibitor, celecoxib, has been shown to inhibit MDSC in a
mouse model of MM, preventing the release of reactive oxygen species from MDSC and
inhibiting their expansion. This resulted in a reversal of T cell tolerance (Veltman et al., 2010)
and will be addressed in more detail in another chapter in this book. Gemcitabine is another
chemotherapeutic agent that has been shown to inhibit MDSC and restore CD8* T cell
function (Le et al., 2009).

Melphalan and mitomycin-C upregulate the expression of T cell co-stimulatory molecules,
enabling the tumour cells themselves to actively present tumour antigens to T cells (Sojka et
al., 2000). 5,6-dimethylxanthenone-4-acetic acid, a vascular disruptive agent, induces
activation of TAM, leading to their tumour infiltration and subsequent influx of CD8* T cell
resulting in tumour cell killing in a MM mouse model. This treatment also generated
protective immunity against rechallenge (Jassar et al., 2005).

Some chemotherapies can have both immuno-stimulatory and -inhibitory effects which can
cancel each other out. In MM mouse model, zoledronic acid was found to impair myeloid
cell differentiation, leading to a reduction in the frequency of TAMs. However, this
simultaneously led to increased infiltration by immature myeloid cells, resembling MDSC,
which might explain the lack of improvement in overall survival (Veltman et al., 2010).
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Immunomodulatory roles for the standard first-line chemotherapy with pemetrexed and
cisplatin, have also been identified. Patients treated with pemetrexed-cisplatin have more
CD8* tumour infiltrating T cells which correlate with improved survival when compared to
that in patients on cisplatin-vinorelbine (Anraku et al., 2008). This demonstrates that
pemetrexed and cisplatin may have immune-potentiating effects. Indeed, a study has shown
that pemetrexed sensitises cells to immune cell killing by upregulating the death receptor,
DRS5, on the surface of tumour cells (Su et al., 2011). DR5 is an important mediator of the
extrinsic apoptotic signalling pathway and when presented on the cell surface, it binds to
TRAIL expressed on T cells (Whiteside, 2007). Cellular FLICE-inhibitory protein (cFLIP), a
protein which inhibits caspase mediated apoptosis, was also downregulated by pemetrexed
(Su et al., 2011), suggesting that pemetrexed can sensitise tumour cells to TRAIL mediated
apoptosis. These effects of pemetrexed may contribute to the dramatic tumour control in a
patient on pemetrexed alone (Fasola et al., 2006).

Pemetrexed has also been shown to induce autophagy. Autophagy refers to the
sequestration of cytosolic or cellular components in autophagosomes for subsequent
degradation. It plays a part in many cellular processes including cell death and antigen
processing for MHC II presentation (Deretic, 2006). Pemetrexed promotes autophagy
leading to apoptotic cell death, however, whether this leads to antigen presentation remains
to be seen (Bareford et al., 2011). Of particular interest is that COX-2 inhibitors, mentioned
above, can enhance the cytotoxic effects of pemetrexed (S. L. O'Kane et al., 2010).

Cisplatin has also increased the sensitivity of tumour cells to cell lysis induced by cytotoxic
T cells, though the mechanism was not elucidated (Collins & Kao, 1989). More recently, it
was reported that cisplatin activates the Fas-ligand (CD95)-related apoptotic pathway in
tumour cells. CD95 is widely expressed on MM cell lines but appears to be dysfunctional
(Stewart et al., 2002).

5.2 Combination chemoimmunotherapy

As mentioned above, cisplatin sensitises tumour cells to immune cell- mediated killing and
has been exploited in several chemo-immunotherapeutic strategies, the majority of which
utilise IFN as the immunotherapeutic component. While IFN-a has had limited effectiveness
as a single agent, Sklarin et al. showed that IFN-o. was able to increase the therapeutic value
of cisplatin and mitomycin (Sklarin et al., 1988). This paved the way for several studies that
utilised IFN-o in combination with chemotherapeutic agents. A study by Tansan et al.
administered cisplatin and mitomycin with IFN-a2b in 19 patients. There was a non-
significant difference in the median survival of patients that were treated with this
combination (15 months) compared to the control (8 months) (Tansan et al., 1994). In a
similar study utilising the same combination but with IFN-a2a in 43 patients, there was no
significant survival benefit in the treated group (11.7 months) vs. the untreated group (7
months) (Metintas et al., 1999). Twenty-six patients treated with cisplatin and IFN-o2a
showed a similar median survival time of 12 months vs. 8 months (Soulié et al., 1996). While
the median survival was not significant between the treatment groups, the survival times of
the responders vs. non-responders were significant. A phase II study utilised doxorubicin
and IFN-a and showed that while the combination was more effective than either agent
alone, survival was not significantly prolonged (Upham et al., 1993). Cisplatin with
doxorubicin (shown to elicit immunogenic cell death) (intravenous) and IFN-a2b
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(subcutaneous) was administered in 37 MM patients in a phase II trial. There were
considerable toxicities and an overall response rate of 29%. One and two year survival was
45% and 34%, respectively (Parra et al.,, 2001). Cisplatin alone with IFN-a 2a in 13 MM
patients resulted in clinical responses in 11 patients (one with a complete response), but the
regimen was again very toxic.

It would seem that although IFN-therapy is relatively well tolerated, in combination with
chemotherapy non-negligible toxicities are evident. Furthermore, mono-IFN-therapies
utilised adenoviral IFN, but many of the combination therapies with cisplatin utilised
recombinant IFN, which may not be optimal to the regimen.

Cisplatin synergistically inhibited proliferation of mesothelioma cell lines when co-applied
with HER-2/neu antibody, Trastuzumab (Toma et al., 2002).

Pemetrexed has been combined with the VEGF antibody, bevacizumab, in a MM
immunodeficient mouse model. Bevacizumab alone restricted tumour growth, inhibited the
formation of large blood vessels and also prevented the development of pleural effusion.
Combination with pemetrexed more effectively suppressed pleural effusion and increased
survival in mice (Li et al., 2007).

Combining pemetrexed with Treg blockade in another mouse model of MM was also
synergistic in prolonging survival. This combination was associated with decreased
numbers of Treg in the tumour, increased IL-2 production, DC maturation and increased
numbers of tumour-infiltrating IFN-y-producing CD8* T cells when compared to either
agent alone (Anraku et al., 2010).

Although combination of immunotherapy with pemetrexed and/or cisplatin is in an early
phase, it is already providing promising results. It remains to be seen however, whether
lowering the dose of chemotherapy in order to prevent high grade toxicity diminishes the
clinical benefit.

6. Summary and concluding remarks

The importance of applying immunotherapy in combination with other treatments is
becoming increasingly obvious from other cancers, mainly melanoma. It has become
apparent that generating a transient immune response with a single specificity is not
sufficient for clinical benefit; immunosuppressive effects need to be removed and any
ensuing broad-specificity immune response needs to be sustained and enhanced.

It has been proposed recently that successful immunotherapy requires multiple elements,
such as suppressing or removing tolerance, generating anti-tumour effector immune cells
via vaccination, boosting the immune response by inducing immunogenic cancer cell death,
checking and compensating for genetic polymorphism which may cause suboptimal
immune responses, and finally, adjuvant treatment may be needed to maintain the immune
response (Zitvogel et al., 2008).

Immunotherapies administered to MM patients can be analysed from the point of view of
these categories. Removing immunosuppression by targeting Treg cells or blocking VEGF in
combination with chemotherapy, the latter generating tumour cell death and providing
tumour antigens, resulted in impressive results in mouse models. Immunosuppression may
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vary in patients according to histological subtype. Patients with the sarcomatoid variant of
MM have a tendency towards more suppressive haematology (ElGendy et al., 2006).
Analysing regulatory cell types in the circulation or in the tissue may provide useful
information about the requirement of removing immunosuppression before
immunotherapy in some patients.

The largest numbers of clinical trials in MM patients were carried out by applying single
cytokines. It does not seem surprising now that addressing only the immune cell stimulation
step did not translate to clinical success. It would be interesting to see how combining IL-2
or IFN not only with chemotherapy but also with e.g. a cancer vaccine would improve
outcome. On the other hand, some viral vectors delivering tumour antigens, such as
vaccinia, trigger considerable IFN-a production by infecting DC in the host (Pascutti et al.,
2011).

Combination of chemotherapy and immunotherapy in fact has shown synergy in MM
patients, as discussed earlier. However, these combinations are often associated with
significant toxicities. These maybe alleviated by using less cytotoxic concentrations of
chemotherapeutic agents in combination therapies, as demonstrated in in vitro studies
(Zitvogel et al., 2008; Shurin et al., 2009)

As MM is a relatively rare disease, multi-arm trials with large patient numbers, comparing
several treatment modalities, are challenging to organise. On the other hand, information
obtained in mouse models does not always translate well to human studies. The model itself
influences the results, as observed e.g. in the AB12 and AC29 models which secrete large
amounts of TGF-f3, whereas the AB1 mouse model does not. AB12 also produce much more
GMCSF than AC29 and AC29 is a much slower growing tumour (Triozzi et al., 2005). The
models do not always reflect that many patients have large tumours. In the AE17 mouse
model of MM the anti-tumour effect of IL-2/anti-CD40 therapy was only mediated by CD4+
or CD8+ T cells when the mice had large tumours, while with a small tumour burden these
cells were not crucial. Thus the results obtained in pre-clinical models may not be
reproducible in humans.

Immunotherapy may not lead to tumour shrinkage, however, in an incurable cancer such as
MM, stabilisation of the disease and palliation of symptoms are just as important.
Bevacizumab in combination with pemetrexed have had profound affects on alleviating
pleural effusion, thus improving the quality of life of patients (Li et al., 2007). Thus, clinical
trials, although designed for immune-mediated tumour control, should be analysed for
improving the quality of life of patients and such treatments maybe provided in palliative
situations.

Taken together, it is apparent from the varying success of immunotherapies conducted as
monotherapies in MM that the next generation of such treatments need to be designed as
combination therapies. The right combination of treatments, timing, dose, patient selection
needs to be determined. Disease stage, histological subtype, the patients” general health and
relevant genetic polymorphisms also need to be considered. In theory, a well designed
therapy addressing all the key immunological steps, as discussed earlier, has the potential to
lead to tumour control. It remains to be seen whether immunotherapy can be an effective
weapon in controlling mesothelioma.
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1. Introduction

The direct cell-to-cell communication is performed by gap junctions (GJ) composed of
connexin (Cx), a large protein family with a number of subtypes. G] channels allow the
propagation of electrical impulse and the transfer of small molecules (up to 1,000 to 1,500
Da) between two neighbouring cells (Figure 1). And it has also become clear that different
combination of Cxs are expressed in different tissues with temporal specificity during
development or tissue differentiation (Paul, 1995). By such a rigid regulation, Cxs contribute
to maintain cellular homeostasis in many organs. On the contrary, expression levels of Cx
proteins are often decreased in many cancers, and restoring their levels has been shown to
have antitumor effects. In this concept, there is a possibility to establish a new cancer
therapy based on tumor-suppressive functions of Cxs for refractory cancers, such as
mesothelioma.

Malignant mesothelioma is an aggressive and devastating malignancy of the pleura and
peritoneum. Although it has been the subject of intense clinical and scientific interest, the
case-fatality rate for mesothelioma remains high, and conventional treatments remain
inadequate. Systemic chemotherapy is important since it is a whole-body treatment and is
useful for patients who cannot be treated with surgery. Cisplatin (CDDP) has been used in
clinical mesothelioma therapy, and its chemotherapeutic effect as a single agent (Ryan et al,
1998) as well as in combination with other drugs such as gemcitabine has been examined
(Byrne et al, 1999; van Haarst et al, 2002; Vogelzang et al, 2003).

In this chapter, we introduce the tumor-suppressive effect of Cx gene against mesothelioma,
especially with regard to chemotherapeutical sensitivity.

2. The possible involvement of Cx43 in mesothelioma

G]J channels are formed by two hemichannels provided by either of neighboring cells. Each
hemichannel is a hexameric pore structure made from 6 protein subunits, Cxs. Cx is a
protein with four transmembrane spanning domain, two extracellular and one intracellular
loop, and N- and C-terminal at the intracellular side (Kumar & Gilula, 1996). The various Cx
isoforms differ with regard to their molecular weight due to different length of their C-
terminal region. There are 21 Cx morecules which were identified in human so far. With
regard to mesothelioma, dysfunction of gap junctional intercellular communication (GJIC)



Mesotheliomas - Synonyms and Definition, Epidemiology, Etiology,
154 Pathogenesis, Cyto-Histopathological Features, Clinic, Diagnosis, Treatment, Prognosis

has been observed in several malignant mesotheliomas cells or tissues (Linnainmaa et al,
1993), and among the many Cx proteins, Cx43 is prominently expressed in nontumorigenic
mesothelial tissues (Pelin et al, 1994). Besides that, we found that Cx43 expression was very
low in human malignant mesothelioma cells (Figure 2A, left). We also examined GJIC ability
using fluorescent dye, Lucifer yellow. The molecular size of Lucifer yellow is small enough
to pass through GJ, so the spreading distance of this dye tells the GJIC ability (el-Fouly,
1987). By using this method, it became clear that GJIC function was almot dysfunctional in
mesothelioma cells (Figure 2B, above). Taken together, it seems that Cx43 has an important
role in the parental mesothelial cells and upregulation of Cx43 could reduce malignancy of
mesothelioma.

Connexin (Cx)

Hemichannel
(Connexon)
Intracellular-channel

Cellmembrane

......... (Size limit)

Carboxy-

terminal tail

CellA

Cell B

|
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Fig. 1. The structure of connexin (Cx) protein as a component of gap junction (GJ), hemi-
channel, and as a membrane protein.

Gap junctions (GJ]) provide a pathway for communication between neighboring cells. GJ are
organized in plaques at the cell membrane surface and arise from 2 connexons
(hemichannels) from neighboring cells. Connexons are composed of 6 connexin (Cx)
proteins. GJ channels can be permeable to only small molecules (around 1,000 Da), which
contribute to keep cellular homeostasis. It has been suggested that the down-regulation of
Cx genes is associated with the development of cancers. Besides GJ, hemichannels provide a
pathway for the extracellular release of essential homeostasis regulators, like ATP.
Moreover, carboxy-terminal (C-tail) of Cx protein has a possibility to modulate gene
expression via binding proteins, which can be also modulated by other proteins. Ex) C-tail
of Cx43 includes target sites of Src phosphorylation (Giepmans, 2004)
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3. Effect of Cx43 mono-therapy

Recent studies have suggested that not all Cx genes could exert a tumor-suppressive effect
on a given tumor but rather than that there seems to be Cx-cell type compatibility for this
effect (Yano et al, 2006, as cited in Mesnil et al, 1995). That means Cx can exert growth
control only in tissue or cell type in which the particular Cx is naturally expressed. Indeed,
overexpression of Cx43 in MDA-MB-231 cells results in downregulation of fibroblast growth
factor receptor (FGFR)-3, a member of the FGFR family consisting of potent angiogenic
factors, which contribute tumor growth and invasion (Qin et al, 2002). According to this
concept, we previously investigated the tumor suppressive role of Cx32 in renal cell
carcinoma, in which Cx32 expression is downregulated (Yano et al, 2003), using a forced
expression clone of Cx32. As expected, we found that Cx32 acts as a tumor suppressor gene
in renal carcinoma cells (Fujimoto et al, 2005).

Here, in order to estimate if Cx43 could suppress malignant phenotype of mesothelioma
cells, we arranged a Cx43 transfected clone (Cx43 transfectant) and only mock-tranfected
clone (mock), as a control. Naive cell characteristics were compared between Cx43
transfectant and mock. As expected, when attached condition, the growth was significantly
inhibited by Cx43 (Figure 2C-i). Next, to examine anchorage-independent growth, the
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Fig. 2. The naive role of Cx43 on human mesothelioma cells.
A) and B) show characteristics of mesothelioma cells. Cx43 expression A) and GJIC activity
B) in human mesothelioma cells, parental H28 (‘Parental’), mock-transfectant (‘Mock+’), and
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Cx43-transfectant ('Cx43+’) are shown. a), ¢), and e); phase-contrast image, b), d), and £); dye
transfer of Lucifer yellow from the scrape lines. C) indicates effect of Cx43 on cell growth i)
when attached condition or ii) when non-attached (anchorage independent) condition .
Scale shows cell number (i) or colony number (ii). Cell growth was significantly inhibited
when attached condition in Cx43-transfectant compared to parental (*##P <0.001) or mock
cells (***P <0.001).

number of cell colonies formed in three-dimentional agarose gels were countted. This time,
however, there was almost no difference between cells (Figure 2C-ii). This finding indicates
that the proliferation ability of a single cell, which is needed for survival in a nonmatrix
environment, is almost the same between different cell types used in this study. There was
also no difference in migration ability (data not shown). One possible reason why
restoration of Cx43 could not inhibit cell growth enough is disruption of Cx protein
traffiking systems. To put it plainly, Cx protein can not be transported from nucleus to
cytoplasmic membrane. Under abnormal localization of Cx protein traffiking, Cxs could not
exert tumor suppressive effect neither in GJIC dependent or independent manner, although
the reason why it happens is unclear (Trosko & Ruch, 2002). Above all, it is suggested that
restoring Cx43 expression alone cannot prevent tumor expansion or metastasis competely.

4. Combination effect of Cx43 and CDDP

As mentioned, mesothelioma is very refractory cancer. Radiotherapy and chemotherapeutic
agents are ineffective in many cases despite surgery resection is possible only in case the
tumor is very early stage or it is very limited focus. Recently, pemetrexed, a novel
multitargeted antifolate, has shown modest activity when used as a single agent and in
combination with CDDP in mesothelioma patients. However, although pemetrexed is
promising, it has yet to be standardized because of the severity of its side effects and the
presence of nonresponders. On the other hand, there are several reports of enhancement
efficacy of conventional chemotherapy on cancers by Cxs, which are called bystander effect.
Actually, we have reported that cytotoxic effects of conventional chemotherapeutic agents
on cancer cells are potentiated by Cx32 in lung cancer (Sato et al, 2007a) and renal cell
carcinoma (Sato et al, 2007b). Moreover, Cx43-mediated GJIC has been reported as a major
mechanism for the transfer of ganciclovir (nucleoside analogue) to neighboring cells
(Elshami et al, 1996). Therefore, we examined the combined effect of Cx43 and a
chemotherapeutic agent, CDDP.

4.1 Cx43-dependent induction of the CDDP cytotoxicity

As expected, it was confirmed that mesothelioma cells were resistant to CDDP;
approximately 80% of cells survived after exposure to high concentrations of CDDP
(Fighure 3A). In contrast, Cx43 reduced cell viability and only approximately half of the
mesothelioma cells or mock cells survived after being treated with 50 pM of CDDP (Figure
3A). To confirm the contribution of Cx43 to the enhancement of CDDP-induced damage, we
knocked down Cx43 expression by using specific siRNA. As a result, sensitivity to CDDP
was attenuated by knockdown of Cx43 (Figure 3B); therefore the involvement of Cx43 in
CDDP-induced damage was confirmed.
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Fig. 3. Effect of Cx43 on CDDP-induced cytotoxicity.

A) shows CDDP cytotoxicic effect on human mesothelioma cells, parental H28 (‘Parental’),
mock-transfectant (‘Mock+’), and Cx43-transfectant (‘Cx43+"). The cell viability after CDDP
treatment was significantly decreased in Cx43-transfectant compared with parental cells
(*##P <0.001) or mock cells (***P <0.001). B) shows effect of Cx43-knockdown on Cx43-
transfectant cell growth after CDDP treatment. The cell viability in cells co-treated with
siRNA and CDDP (‘siRNA+CDDP’) recovered to control level. ### *** and +H+ P <0.001;
Significant differences compared with only treated with CDDP group (‘CDDP”).
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4.2 Molecular mechanism of Cx43 which contributes to the CDDP cytotoxicity

Here, it is confirmed that Cx43 significantly enhances CDDP growth inhibiting effect and
apoptosis might be induced, that is, Cx43 upregulates the sensitivity to CDDP in
mesothelioma cells. Then considering the involvement of GJIC, molecular mecahnism of this
phenomenon was investigated via cell cycle distribution, apoptotic factors, and Src which
could interact with Cx43 protein.

4.2.1 Gap junction dependent manner

To determine the influence of GJIC on CDDP-induced cytotoxicity, we usede a GJ blocker,
18p-glycyrrhetinic acid (GA). After 4 h of culturing with GA, CDDP treatment followed,
then cell viability was determined using WST-1 Reagent. As a result of Lucifer yellow dye
spreading assay, GJIC inhibiting effect by GA was observed in Cx43-transfectant (Figure
4A). However, such inhibition of GJIC had almost no effect on cell viability detected by
WST-1 assay (Figure 4B). Thus, inhibition of GJ-dependent function with a specific inhibitor
did not abrogate CDDP-induced cytotoxicity. These results suggest that Cx43-mediated
enhancement of cytotoxicity might be independent of GJ function.

On the other hand, there are several reports concerning the relation of GJIC and CDDP
cytotoxicity. One of the previous reports suggests a posibility that CDDP could affect GJIC,
it might be regulated by MAP kinase-dependent phosphorylation of specific sites of Cx43
(Prochazka et al, 2007). Because it is known that CDDP toxicity is modulated by a MAP
kinase pathway besides the established mechanisms (Park et al, 2002; Woessmann et al,
2002) and that Cxs are regulated by multiple mechanisms, including MAP kinase dependent
phosphorylation (Jo et al, 2005; Lampe & Lau, 2004; Wang et al, 2000). Prochazka et al
showed a new platinum complex, LA-12, had strong GJIC inhibiting effect (Prochazka et al,
2007). They also found the inhibitory effect of GJIC was induced by hyperphosphorylation
of Cx43 protein which decrease the localization of cell membrane, which correlated with
activation of MAP kinase pathway proteins. On the other hand CDDP exerted only a low
effect on GJIC though the drug caused activation of MAP kinase protein (Prochédzka et al,
2007). Another report which supports Prochézka et al showed that Cx43 level was elevated
in CDDP- resistant cell line (Li et al, 2007). Li et al indicated the conflicting reports in which
the role of Cxs in cell survival were different; in case GJ component protein, they have been
implicated the bystander effect, but Cx43 protein itself has also been shown to be important
in cell survival, although this function is poor characterized. They also suggested that
although the selection of CDDP resistance might have favored cells that expressed high level
of Cx43, continued expression of this gene might decrease drug resistance by promoting a
bystander effect, and finally concluded that Cx43 played a role in drug sensitivity in any
case (Li et al, 2007). Meanwhile other reports showed that compounds like CDDP
suppressed intercellular communication (Jo et al, 2005; Wang et al, 2000).

Taken together, it is still unclear if GJIC involves to the enhanced effect of CDDP by Cx43.
Further investigation of this concern which magnify more elaborate apoptotic pathway field
will be needed.

4.2.2 Gap junction independent manner

In this section, several factors which probably concern the mecahnism of Cx43 induced
cytotoxicity of CDDP are suggested irrespective of GJIC.
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Fig. 4. Effect of GJ blockade on CDDP-induced cytotoxicity.

A); GJ inhibitor (GA) downregulated GJIC in Cx43-transfectant. ‘GA+’; cells treated with GA
for 4 h, ‘GA-’; cells treated with only 0.1%dimethylsulfoxide (DMSO, vehicle for GA). a) and
¢); phase-contrast image, b) and d); dye transfer of Lucifer yellow from the scraped lines. B);
Cell viability after CDDP treatment in Cx43-transfectant was detected by WST-1 assay.
Downregulating effect of CDDP did not recover by pre-treamtent of GA 4 h. “Control’; cells
treated with only 0.1% DMSO (vehicle for CDDP), ‘GA’; cells pre-treated with GA for 4 h
followed 0.1% DMSO treatment for 48 h, ‘CDDP; cells treated with only CDDP for 48 h, and
‘GA+CDDP; cells pre-treated with GA for 4 h followed CDDP treatment for 48 h. ###P <
0.001; Significant difference between ‘Control’ and “CDDF’, ***P <0.001; significant
difference between ‘GA” and ‘CDDP".

4.2.2.1 Regulation of cell cycle distribution by Cx43

We also checked cell cycle distribution after exposure to CDDP in mesothelioma cells. In
both parental mesothelioma cell or Cx43-transfectant, an increase in the Gi-phase
population was observed after CDDP treatment for more than 24 h (Figure 5A). On the other
hand, the S-phase population increased by Cx43. And we also compared the sub-G; peak
between cells. A higher sub-G; population was induced by Cx43, indicating upregulation of
apoptosis. It has been reported that DNA modification by CDDP activates the G; checkpoint
(Un, 2007). This checkpoint exists to halt cell cycle progression in the event of DNA damage
to allow time for repair before initiating DNA replication (Wang et al, 2001). However, even
those cells which retain G; checkpoint eventually die when they are exposed to persistent
treatment. Therefore it is suggested that G; arrest represents a critical determinant of CDDP
cytotoxicity (Un, 2007). In our study, G; arrest was observed in both parental mesothelioma
cells and Cx43-transfectant (Sato et al, 2009). Therefore, the G; checkpoint does not appear to
have broken down in these cells. As expected, an obvious induction of apoptosis was
observed by Cx43. This observation might be explained by the additive effect of Cx43 on cell
cycle distribution, inducing S-phase arrest. Thus, two surveillance mechanisms possibly
work independently in the G; and S checkpoints, making it easy to suppress progression of
the cell cycle and induce apoptosis in mesothelioma.
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Fig. 5. Effect on cell cycle distribution by Cx43.

A) shows changes in cell cycle distribution in parental mesothelioma cells (‘Parental’) and in
Cx43-transfectant cells (‘Cx43+") after 25 uM of CDDP stimulation. Cells were treated with
CDDP for the indicated periods, and 20,000 cells of each group were analyzed by flow
cytometry. Control cells were treated with only 0.1% dimethylsulfoxide (vehicle for CDDP).
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S-phase arrest was observed in Cx43-transfctant. B) shows effect on the induction of sub-G;
population (estimated apoptosis) of mesothelioma cells 48 h CDDP treatment. Strong
induction of sub-G; population was observed in Cx43 transfectant.

4.2.2.2 Effect of Cx43 on apoptotic factors

Proteins of the Bcl-2 family play an important role in the regulation of programmed
cell death. Overexpression of Bcl-2, an anti-apoptotic factor, is associated with resistance
to various cytotoxic agents, while the Bax protein is a pro-apoptotic member of the
Bcl-2 family. In our study, no differences were noted in the levels of Bcl-2 among parental
mesothelioma cells, mock, and Cx43-transfectant (Sato et al, 2009). On the other hand,
Bax expression was strongly upregulated in Cx43-transfectant compared to the other
two. Thus, the Bcl-2 family balance appeared to lean toward enhancing apoptosis by
Cx43.

The Bcl-2 family proteins are invovlved in most of apoptosis pathway, so they are
attractive target for cancer therapy (Kim et al, 2004). A previous study reported little or no
expression of Bcl-2 but high expression of Bcl-xL and a pro-apoptotic protein, Bax, in
mesothelioma histological sections and cells (Soini et al, 1999). Our results showed a
different trend: Bcl-2 but not Bcl-xL was detected (data not shown). However, the
important finding was the balance between pro- and anti-apoptotic factors. Any approach
that changes the balance in favor of apoptosis may have a therapeutic benefit. Our results
suggest that Cx43 influences the balance between pro- and anti-apoptotic factors in the
direction of apoptosis, possibly contributing to the improved sensitivity of cancer cells to
CDDP. However, some studies have reported low Bcl-2 and high Bax expression in
mesothelioma samples. A previous study helped the current understanding of apoptosis
regulation by raising the following possibilities: one is Bax mutation, which makes it
nonfunctional and blocks its pro-apoptotic effect (Narasimhan et al, 1998); and the other is
breaking out of antagonists to Bax as previously suggested (Yu et al, 2008). To clarify this
issue, a functional assay of Bax in mesothelioma cells that also compares that of Cx43-
transfectant is required.

4.2.2.3 Interactive effect of Cx43 with Src

Cx43 is known to interacts with the proto-oncogene product, Src. Src can directly
phosphorylate Cx43 (Loo et al, 1995). Including mesothelioma, the Src family of nonreceptor
tyrosine kinases are overexpressed in various human tumors, which often involves tumor
progression and metastatic potential. In fact, a previous report revealed that total c-Src is
highly expressed in some mesothelioma cells (Tsao et al, 2007). On the other hand, it has
also shown that Cx43 regulates Src kinase through interaction of the Cx43 C-teminal region,
irrespective of GJIC function (Giepmans et al, 2001).

Src activity is regulated by tyrosine phosphorylation. Phosphorylation of Tyr416 in the
activation loop of the kinase domain upregulates enzyme activity. We assayed for Src levels
and activation in mesothelioma cells using antibodies which recognized total-Src and
phospho-Src protein (an activated form, phosphorylated at Tyr416). Tyr416 antibody detects
endogenous levels of the Src family proteins, when phosphorylated at Tyr416. As a result,
both phospho-Src and total-Src were decreased in Cx43-transfectant, although there were no



162

Mesotheliomas - Synonyms and Definition, Epidemiology, Etiology,
Pathogenesis, Cyto-Histopathological Features, Clinic, Diagnosis, Treatment, Prognosis

A)

Phospho- Src

)

120

Cell viability (% of control)

B-actin

Control

suU

Parent Mock+Cx43+

o

Total-Src h‘ o
-— ey

CDDP SU+CDDP

Relative density of

Relative density of

Phospho-Src

Total-Src

0s

06

0.4

0z

0s

06

0.4

0.z

Fig. 6. Downregulation of Src protein level and activity by Cx43.
A) shows expression of total src (“Total Src”) and phosphorelated Src (Phospho-Src, active
form), in human mesothelioma cells, parental H28 (‘Parental’) , only mock-transfected cells
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in parental mesothelioma cells detected by WST-1 assay. CDDP cytotoxic effect was enhanced
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‘SU’; cells treated with only SU6656, ‘CDDP’; cells treated with only CDDP, and ‘SU + CDDP;
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significant differences among cells (Figure 6A, 6B). Then, we further investigated whether
the inhibition of Src activity affects the cytotoxicity of CDDP in mesothelioma cells by using
a specific Src kinase inhibitor, SU6656. It was revealed that when the cells were treated with
both CDDP and SU6656, cell viability significantly decreased as compared to that when the
cells were treated with CDDP or SU6656 alone (Figure 6C). Our results showed that not only
phospho-Src level but also total-Src protein level was decreased in Cx43-transfectant,
suggesting that Cx43 somehow suppressed the Src protein expression, which in turn
suppressed the total amount of its activation form. One report which supports our results
showed that the effect of activated Src on survival after CDDP treatment was reversed by
forced overexpression of Cx43 using human Cx43 cDNA transfection model (Peterson-Roth
et al). They finally suggested that a novel application for Src kinase inhibitors in
combination with CDDDP, i.e., one of Src inhibitor, dasatinib has the potential to sensitize
tumor cells overexpressing activated Src as well as to sensitize tumor cells without activated
Src that are in direct contact with Src-activated cells via GJIC, and also another combination
such as proteasome inhibitors with CDDP treatment in order to up-regulate Cx43 expression
which sensitize to CDDP.

Interestingly, a previous report showed that some selective inhibitors of Src kinases are
specific inhibitors of cell cycle progression into the mid-S phase (Mizenina & Moasser, 2004),
which corrrelates with our result of cell cycle distribution. Therefore, Cx43 may inhibit Src
activation, which is reflected as S-phase arrest, resulting in the suppression of cell growth
which was observed in Cx43-transfectant. Moreover, under the in wvivo condition, Src
upregulates vascular endothelial growth factor (VEGF), the most important factor in
angiogenesis. Tumors must undergo angiogenesis for survival and for metastatic spread in a
limited physiological environment (Folkman, 1971). Indeed, a previous report showed that a
novel Src inhibitor, M475271, significantly inhibited VEGF-induced HUVEC proliferation,
migration and angiogenesis (Ali et al, 2005). It is, therefore, possible that Cx43 has a more
suppressive role in growth and metastasis in vivo, where angiogenesis always contributes to
tumor survival.

It has also been indicated that simultaneous inhibition of Src and its downstream factor,
signal transducer and activator (Stat) 3, results in synergistic death of mesothelioma cells
(Johnson et al, 2007; Tsao et al, 2007). Moreover, CDDP inactivates Stat 3 by modulating
Janus kinase (JAK) 2 through dephosphorylation of JAK/Stat in cancer cells (Song et al,
2004). Taken together, inhibition of Src by Cx43 and inactivation of Stat 3 by CDDP could
induce synergistic death of mesothelioma cells.

5. Conclusion

From the view of previous studies including our data, we concluded that Cx43 could
improve the chemoresistance of mesothelioma cells to CDDP mainly in a GJIC-independent
manner (Figure 7). Also there might be another possible factors, such as hemichannel
activity. In next step for clinical application, it should be considered that what kind of
methodologies can be used which make possible to regulate Cx43 expression and its
activities. There are still many concerns, however, this finding will help in overcoming
resistance to current chemotherapy for malignant mesothelioma.
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1. Introduction

Malignant pleural mesothelioma (MPM) is an aggressive tumour. Patients have a very short
median survival after diagnosis. Inherent but importantly, also induced, tumour survival
mechanisms of malignant pleural mesothelioma is a major contributor to the short survival
time (Bridda et al., 2007). No curative treatment is available. Mesothelioma has been subject
to therapeutic trials, hitherto with little clinical gain. Most targeted therapies have focused
on impairing signaling pathways on which cancers depend for survival. However, the
efficacy of these approaches is impaired by signaling redundancy, adaptation and
activating/silencing mutations.

Apoptosis is a physiological form of cell death that removes mutated and damaged cells.
Deregulation of apoptosis in tumour cells allows them to bypass apoptosis during clonal
expansion. Cancer-generating mutations disrupt apoptosis, leading to tumor initiation,
progression or metastasis. The mutations that suppress apoptosis also reduce the sensitivity
to cancer treatment (Johnstone et al., 2002). There are potential benefits to targeting tumors
at the level of their anti-apoptotic defenses. Direct inhibitors of anti-apoptotic defenses could
bypass the need to inhibit multiple pathways by moving to a distal level at which multiple
signals are integrated. Also, stimulators of apoptosis through specific signaling pathways
that emerge during cancer development or are acquired during cancer chemotherapy could
be targeted. Such an approach may be effective in the different mesothelioma subtypes,
against a variety of apoptosis-inducing therapies, and without substantial injury to normal
tissues where apoptosis signaling is not disturbed.

Cisplatin, most often in combination with other drugs is still the treatment of choice for
mesothelioma. Cisplatin chemotherapy activates several signaling pathways and can
cause cell cycle arrest, DNA repair and cell survival, and execution of cell death (Wang et
al., 2004). Cisplatin kills cancer cells by inducing apoptosis (Chu, 1994) and specifically
activates the mitochondrial signaling pathway of apoptosis, which is initiated
by activation of BH3-only proteins i.e. pro-apoptotic members of the Bcl-2 family of
proteins.

Targeting the anti-apoptotic Bcl-2 family of proteins, thus restoring apoptotic pathways,
may overcome drug resistance to cancer chemotherapy. Down-regulation of Bcl-x. or its
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cooperative Bcl-2 family member Mcl-1 expression or activity increases apoptosis per se as
well as cisplatin sensitivity in MPM. The importance of these anti-apoptotic proteins in the
protection against chemotherapy-induced apoptosis makes them obvious targets to (re-)
chemosensitize malignant mesothelioma tumour cells (Varin et al., 2010).

Glycosylation defects seem universal in carcinogenesis. They may alter cell signalling,
growth, adherence and motility. Essentially all experimental and human cancers have
altered glycosphingolipid composition and metabolism (Hakomori & Zhong, 1997), and
several  tumour-associated  antigens are indeed  glycosphingolipids. = The
globotriaosylceramide membrane receptor (Gb3) is over-expressed in many human tumours
and tumour cell lines including MPM with inherent or acquired MDR. Gb3 is co-expressed
and interplays with the membrane efflux transporter P-gp encoded by the MDR1 gene
associated with multidrug resistance.

The bacterial toxin verotoxin-1 (VT-1) exerts its cytotoxicity by targeting Gb3. Recent work
has shown that apoptosis and inherent or acquired multidrug resistance in Gb3-expressing
MPM tumour cells could be affected by VT-1 holotoxin, a sub-toxic concentration of the
holotoxin concomitant with chemotherapy or its Gb3-binding B-subunit coupled to
cytotoxic or immuno-modulatory drug, as well as chemical manipulation of Gb3 expression
(Johansson et al., 2010). The interplay between Gb3 and P-gp thus gives a possible
physiological approach to augment the chemotherapeutic effect in multidrug resistant
malignant mesothelioma.

We hereby summarize the possibility to target also Bcl-2 and Gb3 signalling as two novel
treatment possibilities to overcome or re-sensitize resistant malignant pleural mesothelioma
tumour cells to cisplatin.

2. Targeted chemotherapy of malignant pleural mesothelioma

Chemotherapy will continue to be important in the therapy of MPM. An increased
understanding of the major molecular pathways of intrinsic and acquired resistance of MPM
is needed to develop diagnostic, therapeutic, and prevention methods. Ideally, future MPM
therapy should be guided by molecular characteristics of the tumour rather than clinical
stage and patient features. Insights into the biological basis of MPM may lead to
personalized treatment involving also early detection of poor prognostic indicators that will
reduce the heterogeneity of the clinical response (Zucali et al., 2011).

None of the hitherto explored targeted treatments can currently be recommended as
standard treatment in MPM. A much used combination of cisplatin and pemetrexed has
yielded enhanced response rates. Most patients with MPM progress during or shortly after
first-line treatment. Due to the limited efficacy of chemotherapy, new treatment options are
clearly warranted and several targeted agents have thus been explored (Jakobsen &
Sorensen, 2011).

Basic cancer research has given the insight that apoptosis and the genes that control it
have a profound effect on the malignant phenotype. Most conventional treatments
depend on an ability to induce apoptosis as a final common pathway (Zucali et al., 2011).
The unresponsiveness of mesothelioma to most conventional agents may in part be
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explained by a resistance to the induction of apoptosis. The mutations that suppress
apoptosis also reduce the sensitivity to cancer treatment (Johnstone et al., 2002). Most
targeted therapies have focused on impairing signaling pathways on which cancers
depend for survival.

There are potential benefits to targeting tumors at the level of their anti-apoptotic defenses.
Direct inhibitors of anti-apoptotic defenses could bypass the need to inhibit multiple
pathways by moving to a distal level at which multiple signals are integrated. Also,
stimulators of apoptosis through specific signaling pathways that emerge during cancer
development or are acquired during cancer therapy could be targeted. Such an approach
may be effective in the different mesothelioma subtypes, against a variety of apoptosis-
inducing therapies, and without substantial injury to normal tissues.

3. Cisplatin signal transduction during therapy and cisplatin resistance
3.1 Cisplatin therapy

Cisplatin kills cancer cells by inducing apoptosis (Chu, 1994). The pathways leading to
cisplatin-induced apoptosis are subject of considerable current interest, hence yet not fully
understood, but is known to involve the activation of the MAP kinases SAPK/JNK (stress-
activated protein kinases/c-Jun-N-terminal kinases) and p38 kinases, leading to the
induction of caspase activity and apoptosis (Mansouri et al., 2003; Brozovic & Osmak, 2007).
The mitochondrial signaling pathway to apoptosis has recently attracted attention and an
increasing number of articles on the effect of cisplatin action and cisplatin resistance
involving the expression of Bcl-2 family proteins have been published.

3.2 Inherent and induced cisplatin resistance

Tolerance might occur to platinum, through decreased expression or loss of apoptotic
signaling pathways (either the mitochondrial or death-receptor pathways) as mediated
through various proteins such as p53, anti-apoptotic and pro-apoptotic members of the
BCL-2 family, and JNK (Adducci et al., 2002).

The challenge is thus to determine the mechanism of why some tumours, and MPM in
particular, are intrinsically resistant to cisplatin and how enhanced cisplatin resistance
eventually is acquired during the course of therapy. The acquired resistance may not
necessary be an enhancement of the tumours intrinsic resistance mechanisms. All
alternations of signaling pathway that may lead to enhancement of apoptosis must thus be
exploited.

Reduced cellular accumulation of platinum either by impaired uptake or increased efflux is
often found in cells selected for cisplatin resistance, both in vivo and in vitro, and is generally
considered as one of the most consistent characteristics of platinum resistant cells (Gately &
Howell, 1993). Many papers have reported that the expression of the ATP-binding cassette
(ABC) transport proteins renders tumor cells resistant to chemotherapeutic drugs that are
substrates of these transporter proteins. The ABC transporter protein family includes
multidrug resistance proteins (ABCB1), multidrug resistance-associated proteins (ABCC),
and breast cancer resistance protein (ABCG2).
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3.3 Cisplatin chemotherapy and apoptosis

The failure of drug-induced apoptosis is an underlying cause of drug resistance. Some
studies have identified a number of key mediators of apoptosis that are altered in chemo-
resistant cancer cells. Resistance to cisplatin might occur through decreased expression or
loss of pro-apoptotic factors or increased expression of anti-apoptotic proteins (Brozovic &
Osmak, 2007).

Apoptosis is initiated either by intrinsic death stimuli such as oncogene activation and
DNA damage, or as response to extrinsic death stimuli such as binding to their cell
surface receptors of the Fas or TNFa ligands as part of an immune response. Both
apoptosis initiation signalling pathways meet at the mitochondrial outer membrane
(MOM) where the Bcl-2 protein family members regulate apoptosis. Mitochondrial outer
membrane permeabilization (MOMP), intermembrane space (IMS) protein release,
activation of pro-apoptotic Bcl-2 and caspase family proteins have been identified as key
events in the initiation, progression and execution of apoptosis. But, there is still much
that we do not understand about how cell death signaling is fine-regulated, particularly
how the signaling within a single cell is coordinated for its ultimate orchestration at the
population level.

Apoptotic cysteine-aspartate proteases (caspases) are essential for the progression and
execution of apoptosis, and detection of caspase fragmentation or activity is often used as
markers of apoptosis. We compared a cisplatin-resistant pleural malignant mesothelioma
cell line (P31res1.2) with its more cisplatin-sensitive parental cell line (P31) regarding the
consequences of in vitro acquired cisplatin-resistance on basal and cisplatin-induced
(equitoxic and equiapoptotic cisplatin concentrations) caspase-3, -8 and -9 fragmentation
and proteolytic activity. Acquisition of cisplatin-resistance resulted in basal fragmentation of
caspase-8 and -9 without a concomitant increase in proteolytic activity, and there was an
increased basal caspase-3/7 activity. In P31s, we found that cisplatin exposure resulted in
caspase-9-mediated caspase-3/7 activation, but in the induced cisplatin-resistant sub-line,
P31resl.2, cisplatin-induced caspase-3/7 activation occurred before caspase-8 or -9
activation. We concluded that in vitro acquisition of cisplatin-resistance rendered P31res1.2
cells resistant to caspase-8 and caspase-9 fragments and that cisplatin-induced, initiator-
caspase independent caspase-3/7 activation was necessary to overcome this resistance
(Janson et al., 2010).

4. The intrinsic apoptotic pathway in cancer: The Bcl-2 family

The Bcl-2 family consists of three groups of proteins, the anti-apoptotic proteins Bcl-2, Bcl-
xL, Bcl-w, Mcl-1 and Al, the pro-apoptotic proteins, Bax, Bak and Bok, and the pro-
apoptotic BH3-only proteins members such as Bad, Bim, Bid and Noxa (Shamas-Din et al,,
2011).

The pro-survival members act to preserve the mitochondrial outer membrane
permeabilization through the sequestration of pro-apoptotic proteins that induce cell death
by triggering the release of cytochrome c and the subsequent caspases and nucleases
activation. The BH3-only proteins act as cellular guards that sense the apoptotic signal and
modulate the function of the other pro-apoptotic Bcl-2 family members. BH3-only proteins
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inhibit the anti-apoptotic proteins and activate the pro-apoptotic proteins to cause MOM
permeabilisation (MOMP) leading to release of cytochrome ¢ and SMAC into the cytoplasm
where they activate caspases leading to apoptosis and elimination of the cell. MOMP is
regarded as the “point-of-no-return’ for a cell (Varin et al., 2010).

The intricate balance between antagonistic anti- and pro-apoptotic Bcl-2 family proteins may
thus have a deciding huge role on the susceptibility of cells to apoptosis. Studies of the
mechanisms of activation or inhibition of the MOMP proteins Bax and Bak and the activator
BH3-only proteins with the aim of modifying these processes is an important therapeutic
goal in order to restore the three possible blocks that cancer cells can exploit: loss of BH3-
only proteins (or inhibition of their activation), a reduction or elimination of multi-region
pro-apoptotic proteins, and increased expression of an apoptosis inhibitor such as Bcl-2 or
Mcl-1 (Deng et al., 2007).

The most common block noted in human cancers is the over-expression of anti-apoptotic
proteins. Tumours are often dependent on the presence of one or more anti-apoptotic
protein for survival. Being able to abolish Bcl-2 anti-apoptotic signalling would therefore
represent a form of synthetic lethality that would kill predominantly cancer cells rather
than normal cells that do not automatically engage apoptotic machinery. In tumours with
the loss or inhibition of BH3-only proteins, BH3 mimetics replace the need to induce
expression or activate BH3-only proteins to initiate death. On the other hand, in cancers
over-expressing anti-apoptotic Bcl-2 family proteins, BH3 mimetics can compete with
endogenous activator BH3-only proteins for binding to anti-apoptotic proteins (Leber et
al., 2010).

Over-expression of BCL-2 and BCL-XL genes contribute to apoptotic inhibition and the
development of the multidrug resistance of human cancers. Directly inhibiting the
interaction between the anti-apoptotic proteins and BH3 proteins would lead to apoptosis of
multi-drug resistant tumour cells (Shamas-Din et al., 2011).

The BH3 mimetic ABT-737 binds to Bcl-xi. and Bcl-2 but not to Mcl-1 (Oltersdorf et al., 2005).
ABT-737 displaces Bad and Bim from the binding pocket of Bcl-2 stimulating apoptosis.
Cancer cells with higher levels of Bcl-2 and Bcl-xi, but lower levels of Mcl-1 are therefore
sensitive to ABT-737 (Del Gaizo Moore et al., 2007). Mcl-1 expression (maintaining anti-
apoptotic function) is the determinant of resistance to ABT-737 (Deng et al., 2007).

Because resistance can be reversed by reducing Mcl-1 levels, combination with an inhibitor
of Mcl-1 will permit a selective kill of a wide variety of tumours. Obatoclax is a derivate that
in addition binds also to Mcl-1, and may overcome tumour cell resistance to ABT-737. BH3-
mimetics that selectively antagonize the anti-apoptotic proteins may prove to be successful
in cancer therapy (Shamas-Din et al., 2011).

5. Signal transduction to apoptosis in malignant pleural mesothelioma. Role
of Bcl-2 family proteins

Apoptosis is an uncommon event in mesothelioma and low mean cleaved caspase-3 index
has been demonstrated (Jin et al., 2010). Over-expression of anti-apoptotic proteins have
been implicated in MPM resistance to therapy (O’Kane et al., 2006).
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5.1 Apoptosis related to p53 inactivation

The tumour suppressor p53 is referred to as the guardian of the genome. It is mutated in a
wide variety of human cancers. A key function is to induce growth arrest or apoptosis
following stress. The apoptotic pathways regulated by p53 involve the Bcl-2 family of pro -
and anti-apoptotic regulators. The p53 tumour suppressor transcriptionally regulates the
expression of pro-apoptotic Bcl-2 members Bax, Noxa and Puma, which stimulate
mitochondria-mediated apoptosis. Inactivating the apoptotic pathways regulated by p53 is
crucial for emerging tumour cells and is most often accomplished by inactivation of p53
itself. Some tumours however retain wild type p53 expression but apoptotic suppression is
instead performed by deregulating Bcl-2 family members such as Bcl-2 and Bel-xy (Yip &
Reed, 2008).

Genetic inactivation of p53 by alteration of TP53 is rare in MPM. Targets of the tumour
suppressing microRNA miR-34b/c include down-regulation of Bcl-2. miR-34b/c is
frequently down-regulated by aberrant methylation in MPM, resulting in the loss of tumor-
suppressive p53 function. Epigenetic silencing of miR-34b/c might explain why p53
functions are impaired in MPM despite the presence of intact p53 in the majority of MPM.
Normalization of miRNA expression could be a potential method of therapeutic
intervention. As miR-34b/c acts as a tumor suppressor, its expression should be restored in
targeted tumor cells by the delivery (Kubo et al., 2011).

5.2 MAP kinases activate cisplatin-induced apoptosis in malignant pleural
mesothelioma

Mitogen-activated protein kinases (MAPKSs) are activated in cisplatin-induced apoptosis in
most investigated cell systems and induced cisplatin resistance is also associated with
reduced activation of MAPKs. The mitogen activated protein kinase (MAPK) family of
proteins (extracellular signal-regulated kinase (Erk) which are activated by growth hormone
receptors via a Ras/Raf pathway and the c-Jun N-terminal kinase (Jnk) and p38 kinase are
via Mkk4/Mkk7 and Mkk3/Mkké pathways, respectively, sequentially activated and
regulate a number of cellular functions, including survival, growth, differentiation and
apoptosis. The Erk pathway together with the PI3K/ Akt pathway, are important mediators
of cell growth, survival and differentiation i.e. pro-survival. The Jnk and p38 pathways are
particularly associated with diverse apoptotic paradigms, mediated by transcription
dependent and independent mechanisms (Brozovic & Osmak, 2007).

In pleural mesothelioma, p38 MAPKs have been suggested to play a major role in
carcinogenesis and aggressiveness of tumours. The Erkl/2 and p38 MAPK signalling
pathways can stimulate the expression of heat-shock-proteins (Hsp), Hsp27, Hsp40, and
Hsp70 which can rescue tumour cells from cell death. Hsp70 increases the resistance of
MPM cells to chemotherapeutic drugs. Intracellular Hsp has been implicated in the
protection of tumour cells from apoptosis of other tumour types, while secreted Hsp
stimulate the immune system to attack tumour cells (Roth et al., 2009).

The constitutively active p38 MAPK by MPM cells was essential for the expression of Hsp40
and Hsp70, while Erk1/2 MAPK seemed to play less important role. The p38 MAPK was
constitutively activated and needed the interaction with Erkl/2 MAPK to increase Hsp
expression. This constitutively active p38 MAPK together with Erkl/2 MAPK are central for
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MPM cell proliferation. In contrast to other tumour types a central role of Hsp70 in heat
stress survival is indicated for MPM. It might be more effective to suppress both Hsp40 and
Hsp70 to sensitize MPM cells to heat. Therefore the inhibition of Hsp40/Hsp70 or Erk1/2
MAPK might present a new option to increase the success of hyperthermia in mesothelioma
(Zhong et al., 2011).

5.3 Bcl-2 family member protein expression in MPM

Whereas expression of anti-apoptotic BCL2 is rare, elevated levels of Bcl-xp mRNA and
protein have been detected in all mesothelioma cell lines and tumour samples examined
(Hopkins-Donaldson et al., 2003). Pro-apoptotic Bax is also expressed in mesothelioma cell
lines, including those that are highly resistant to pro-apoptotic stimuli, suggesting that over-
expression of Bcl-xp may be necessary to counteract the pro-apoptotic effect of Bax
(Narasimhan et al., 1998).

Much less is known about pro-apoptotic Bcl-2 family proteins in human MPM. Pro-
apoptotic BH3-only proteins (e.g. Bim EL, L and S; Pumaa and (3; Bid; Bad; Bmf, Bik) bind to
the pro-survival proteins and cause the release of pro-apoptotic Bax-like proteins (e.g. Bax,
Bak) that mediate mitochondrial membrane permeabilisation (Willis et al., 2007). Loss of
expression of Bad, Bid and Bim is described in human MPM samples (O’Kane et al., 2006).

During a 6-h exposure to a LDsg concentration of cisplatin we found a transient increase in
BH3-only proteins in the cisplatin-sensitive MPM parental cell line P31 whereas in the
induced cisplatin resistant sub-line P31res1.2 most of the proteins were un-responsive or
decreased. This indicates that BH3 mimetics could sensitize MPM cells to cisplatin exposure.
The P31res1.2 cells had essentially unchanged Bcl-x expression, but interestingly increased
Bcl-2 expression and increased phosphorylation of Bcl-2 at ser70 which is necessary for Bcl-2
pro-survival function. We however found also a decrease of potent pro-apoptotic proteins
and an increase of the expression of the weak pro-apoptotic proteins that were increased in
the P31res1.2 cells. This could contribute to the resistance, as both Bcl-2 and Bcl-x; must be
inhibited in the P31resl1.2 cells, and activation of one or two weak pro-apoptotic proteins is
insufficient for an optimal inhibition of these pro-survival proteins (Janson et al., 2011,
unpublished results).

Targeting the anti-apoptotic Bcl-2 family of proteins, thus restoring apoptotic pathways,
may overcome drug resistance to cancer chemotherapy (Letai et al., 2008). Studies have
shown that the down-regulation of Bcl-xi expression (using antisense strategies) (Smythe et
al., 2002) or activity (Cao et al., 2007) increases both apoptosis per se and drug sensitivity in
MPM. Furthermore, it was shown that a reduction of Bcl-xy in human mesothelioma cell
lines in combination with cisplatin causes reduction of tumor growth in vivo as well as
increases survival in mouse models (Littlejohn et al., 2008). These studies underline the
importance of this protein in the protection against chemotherapy-induced apoptosis and
emphasize it as a pertinent target to chemosensitize malignant mesothelioma cells (Varin et
al., 2010).

Bcl-xi. regulation is not entirely understood. In some cell lines phosphorylation of Bcl-x at
serine 62 by stress response Jun kinase has been demonstrated to oppose the anti-apoptotic
function of Bcl-xi. permitting cells to die by apoptosis by inhibiting its ability to bind to Bax.



Mesotheliomas - Synonyms and Definition, Epidemiology, Etiology,
176 Pathogenesis, Cyto-Histopathological Features, Clinic, Diagnosis, Treatment, Prognosis

Also caspase-3/CPP32-like proteases have been observed to cleave Bcl-x;, protein resulting
in accelerated apoptotic cell death (Katz et al., 2009).

2-methoxy antimycin A3 induces apoptosis by neutralizing protective effects of Bcl-2/Bcl-x.
Most tumour cells have acquired multiple defects in cell cycle and other checkpoints, and
are, therefore, highly dependent on the anti-apoptosis function of Bcl-2/Bcl-x. for survival.
Any approach to alter this delicate anti- and pro- apoptosis balance will lead to apoptosis.
Because the threshold of apoptosis is much lower in tumour cells than normal, Bcl-2/Bcl-xi.
inhibitor could selectively induce apoptosis in tumour and spare normal cells at certain
doses. Bcl-2/Bcl-x. inhibitors could become promising single cancer therapeutic agents and
also render tumour cells more sensitive to conventional chemotherapeutic agents

Potential drug resistance mechanisms against Bcl-2/Bcl-xy inhibitors pose particular
problems. Due to the redundancy function of anti-apoptosis Bcl-2 family genes, it should be
no surprise to find that over-expressed Bcl-2 family genes such as Mcl-1, Bcl-w or Al will
compensate the loss of anti-apoptosis function due to Bcl-2/ Bcl-xr inhibition. Generating
Bcl-2/ Bel-xt resistant cell lines will be important for future studies (Cao et al., 2007).

Interestingly, mesothelioma cells cultured as spheroids 3D acquired resistance to
bortezomib by failing to up-regulate Noxa, a pro-apoptotic sensitizer BH3-only protein that
acts by displacing Bim, a pro-apoptotic Bax/Bak-activator protein, thereby acquiring both
apoptotic resistance and sensitivity to Bcl-2 blockade. Immunocytochemistry of 48
mesotheliomas, demonstrated accordingly that 69% expressed elevated Bim. Therefore,
mesothelioma, a highly resistant tumour, may have an intrinsic sensitivity to Bcl-2 blockade
that can be exploited therapeutically. Tumors identified as ‘primed for death” may respond
to inhibition of the anti-apoptotic defenses with small molecules such as ABT-737, an
inhibitor of Bcl-2/Bcl-x.. Bim was essential for the response to ABT-737, and the level of Bim
correlated with sensitivity to ABT-737 indicating that Bim may be a predictive biomarker for
the response of mesothelioma to ABT-737 together with bortezomib. Bim over-expression
was frequent (90%) in the more chemosensitive epithelioid MPM subtype and uncommon
(20%) in the more chemoresistant sarcomatoid subtype (Barbone et al., 2011).

As indicated above, Mcl-1 might cooperate with Bcl-xp for protection against cell death.
Using RNA interference, Bcl-x. depletion sensitized two highly chemoresistant
mesothelioma cell lines to cisplatin. Inhibition of Mcl-1 by cisplatin may contribute to the
induction of cell death observed after Bcl-x. down-regulation. Additionally, Mcl-1 has
also been found to be over-expressed in most malignant mesothelioma cell lines and
tumor tissues. Down-regulation of Mcl-1 was also observed in response to cisplatin in two
MPM cell lines. These observations thus suggest that resistance to apoptosis in MPM
could be rather related to Bcl-xi. and/or Mcl-1 than to Bcl-2. After concomitant siRNA
down-regulation of Bcl-xp and Mcl-1, the proportion of viable mesothelioma cells was
dramatically reduced. None or little cell death was induced after transfection with single
siRNA. Combination of both siRNAs with a low cisplatin concentration led to a nearly
complete annihilation of tumor cells whereas normal mesothelial cells were marginally
affected. The development of BH3-mimetic small-molecule inhibitors together with
siRNA for gene silencing in cancer, may yield effective targeted strategy within short
(Varin et al., 2010).
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It has been shown that the BimEL/Mcl-1 and BimEL/ Bcl-x, complexes can be rapidly
dissociated following activation of Erkl/2 by survival factors thus allowing Bax and Bak
binding to Mcl-1 and Bcl-x;. and thus inhibiting apoptosis (Ewing et al., 2007).

6. Glycosphingolipids in cancer development and chemotherapy resistance
6.1 Glycosphingolipids and globotriasosylceramide (Gb3)

Glycosphingolipids (GSLs) are components of all vertebrate cells and play a fundamental
role during development and cell differentiation (Erdmann et al., 2006). GSLs are involved
in cellular growth, signal transduction and cell-cell interaction (Lahiri & Futerman, 2007).
GSL profiling indicate that neutral globo series GSLs, including the neutral
glycosphingolipid cell verotoxin-1 (VT-1) surface receptor globotriaosylceramide (Gb3),
have important roles in mediating MDR1 transactivation and expression (Liu et al., 2010).

The expression and metabolism of cell surface glycolipids is changed during oncogenic
transformation and altered glycosylation patterns affect tumour invasion and metastasis
(Hakomori & Zhang, 1997). Gbs is expressed in several human malignancies such as breast
cancer (Johansson et al, 2009). Gbs expression in colorectal cancer correlates with
invasiveness and metastatic potential. Elevated levels of Gb3 have also been seen in drug-
resistant cancers and cell lines and a functional interplay between membrane Gb3 and
MDRI1 has been suggested (Mattocks et al., 2006; De Rosa et al., 2008). Deletion of Gbs
synthase needed for Gb3 synthesis renders mice completely resistant to verotoxins (Okuda
et al.,, 2006). GSLs are the only functional VT-1 receptors (Lingwood et al., 2010). These
findings suggest that the Gb3-binding specificity of VI-1 could be used to target tumours
for the toxin in the receptive cancer cells.

GSLs in cells are clustered and assembled with specific membrane proteins and signal
transducers to form GSL-enriched microdomains or lipid rafts. Rafts are rich in GSLs,
cholesterol, lipid-modified- and transmembrane proteins. The length of the fatty acyl chain of
Gb3 influences its receptor function, intracellular sorting and retro-translocation of VT-1 to the
cytosol (Lingwood, 1996). Binding of VT-1 B-subunit with clustered raft-localized Gb3 receptors
is a requirement for the retrograde transport (Falguieres et al., 2008) and for a cytotoxic effect in
the ER (Smith et al., 2006). For cells with Gbs present in the non-raft plasma membrane fraction,
the toxin receptor complex is internalized and trafficked to lysosomes where the toxin is
degraded leading to VT-1 resistant cells. Furthermore, VT-1 B subunit binding to Gb3 induces
lipid reorganization of the cell membrane leading to enhancement of VT-1 uptake into the cell
(Romer et al., 2007). The membrane organization of the glycosphingolipid receptor is the main
discriminator for pathology in vivo (Lingwood et al., 2010).

6.2 Multidrug resistance to cancer chemotherapy

Tumour over-expression of the membrane efflux transporter P-glycoprotein (P-gp) is a
common alteration in drug resistance (Gottesman, 2002). P-gp, encoded by the MDR1 gene
(Ueda et al., 1986), was the first ABC protein demonstrated to confer resistance to cancer
chemotherapeutics (Gottesman et al., 1996). Other transporter proteins such as multidrug
resistance protein (MRP1) and breast cancer resistance protein (BCRP) have also been
described. P-gp plays roles in the absorption, distribution and excretion of compounds in
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normal tissues. Over-expression of MDR1I in tumours results in active efflux of several types
of anticancer agents. P-gp is expressed by many types of primary solid tumours, as well as
haematological malignancies (Sandor et al., 1998).

Exposure to chemotherapy can up-regulate tumour P-gp expression, which occurs in
acquired drug resistance and severely limits the success of chemotherapy. MDR1 inhibitors
have been clinically tested in order to block drug efflux. Specific modulators or inhibitors
such as GG918 and LY335979 have overcome the toxic adverse effects noted in first
generation modulators but still have minor effect when co-administrated with
chemotherapeutics in trials in part due to MDR1 polymorphisms (Liu et al., 2010).

6.3 Globotriasosylceramide (Gb3) and MDR1 expression

Little is known about the molecular mechanism underlying MDR1 over-expression and how
it interacts with other genes to impart drug-resistance. Over-expression of glucosylceramide
synthase (GCS), the first enzyme of GSL synthesis, can result in multidrug resistance. Many
cells expressing MDR1 show elevated levels of glucosylceramide (GlcCer) (Morjani et al.,
2001) and inhibitors of GCS kill MDR cells (Nicholson et al., 1999). MDR1 can translocate
glucosylceramide into the Golgi apparatus for neutral GSL synthesis, including Gb3. P-gp
has been proposed as a Golgi glucosylceramide flippase that enhances neutral GSL
synthesis as transfection of MDR1 increases, and inhibition of P-gp decreases neutral GSL
biosynthesis in cells (De Rosa et al., 2004). GCS up-regulates MDRI expression and
modulates drug resistance of cancer.

Partial MDR1 and Gbs cell surface co-localization has been observed and inhibition of GSL
biosynthesis depletes cell surface MDR1. MDR1 may therefore interact with Gbs A
significant fraction of surface MDR1 is not co-localized with Gbs, and could therefore be VT-
l-insensitive. MDR1 can be expressed in cells lacking Gbs. However, drug-resistant
metastatic ovarian tumour cells have a particularly high Gbs content and Gbs is highly
expressed in metastatic colon carcinoma (Arab et al., 1997; Kovbasnjuk et al., 2005).

The water-soluble Gbs mimic adamantylGbs, but not other GSL analogues, reversed MDR1-
MDCK cell drug resistance (DeRosa et al., 2004). Verotoxin-mediated Gbs endocytosis also
up-regulated total MDR1 and inhibited drug efflux (Pastan et al., 1988).

The Gb3 content, which is regulated by the expression of Gb3 synthase, determines the
sensitivity of HeLa cells toward VT-1. We recently demonstrated extensive variability in
breast cancer cell lines for apoptosis induction by VT-1. Sensitivity was correlated with Gb3
expression, and use of the drug PPMP, which down-regulates glucosylceramide production,
inhibited VT-1-mediated apoptosis (Johansson et al., 2009).

7. Verotoxin-1
7.1 Verotoxin-1 structure and induction of apoptosis

VT-1 consists of one A and five B subunits. After B subunit binding to Gb3 (Wadell et al., 1990),
it is endocytosed and follows the retrograde pathway to the endoplasmic reticulum where the
A-subunit is translocated to the cytosol and inhibits protein synthesis (Raa et al., 2009).

Importantly, VT-1 also induces apoptosis through sequential activation of caspases, leading to
nuclear changes, such as chromatin condensation and DNA fragmentation. VT-1-induced
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apoptosis in monocytic THP1 cells requires retrograde transport through the Golgi apparatus
to the ER and the activation of caspase-3, the executioner caspase (Kojio et al., 2000). Similar
apoptotic signalling pathways are triggered by Shiga toxins in different cell lines.

VT-1 induces a prominent ribotoxic stress signalling response leading to disrupted
ribosomal RNA (rRNA) functions, protein synthesis inhibition and altered mitogen-
activated protein kinase (MAPK) pathway signalling (Johannes & Romer, 2010). The anti-
apoptotic function of Bcl-2 requires Jnk-mediated phosphorylation of Bcl-2. Alternative Bcl-2
phosphorylation reactions, including p38 MAPK-directed phosphorylation of Bcl-2, inhibit
Bcl-2 function. Bcl-2 was differentially phosphorylated by VT-1 treatment of monocyte- vs.
macrophage-like THP-1 cells. Levels of anti-apoptotic phospho-Bcl-2 molecules were
transiently increased in macrophage-like cells, while levels declined in monocyte-like cells.
Thus, the ribotoxic stress response induced by VT-1 may regulate the activation of the Bcl-2
family of proteins that, in turn, control apoptosis (Tesh, 2011).

7.2 Effect of cisplatin and verotoxin-1 on malignant pleural mesothelioma cells

We found that Mkk3/6 and Jnk was phosphorylated after cisplatin treatment in the
cisplatin-sensitive MPM P31 cells, but not in the corresponding P31resl.2 sub-line with
acquired-cisplatin resistance. VT-1 induced phosphorylation of Mkk3/6, which was
enhanced when VT-1 was combined with cisplatin (Johansson et al., 2010). Mkk3/6 is
known to activate P38 (Derijard et al., 1995; Han et al., 1996). P38 as well as Jnk has been
shown to promote apoptosis in response to cellular stress (Kim et al., 2006). Treatment of
cells with chemical inhibitors or siRNA targeting P38 was recently shown to specifically
inhibit VT-1 transport to the Golgi apparatus complex and reduce VT-1 toxicity (Walchli et
al., 2008), and VT-1 prolonged Jnk and P38 MAPK activation of macrophage-like cells (Lee
et al., 2007). We have previously demonstrated Jnk phosphorylation in response to VT-1
treatment also in glioma and breast cancer cell lines (Johansson et al., 2006; 2009).

Apoptosis induced by VT-1 was associated with enhanced expression of the pro-apoptotic
protein Bax (Jones et al., 2000) and over-expression of Bcl-2 protects cells against VT-1-induced
cell death (Suzuki et al., 2000). Shiga toxins also inhibit the expression of the anti-apoptotic Bcl-
2 family member Mcl-1 (Erwert et al., 2003). Interestingly, acquisition of cisplatin resistance in
MPM cells increased cisplatin activation also of weak proapoptotic proteins of the Bcl-2 family
of proteins but apparently not enough to counteract the increased expression of also of anti-
apoptotis proteins (Janson et al., 2011, unpublished results).

8. Globotriasosylceramide, verotoxin-1 and cisplatin in targeting of resistant
mesotheliomas

The possibility that VT-1 through the A-subunit could cause protein synthesis inhibition and
induce apoptosis in normal cells constitutes a concern for the use of the holotoxin as an
anticancer agent. The non-toxic VT-1 B subunit is stable at extreme pH, resist proteases,
cross tissue barriers, distribute in the organism and generally resist extra- and intracellular
inactivation (Johannes & Decaudin, 2005). The receptor selectivity of the B subunit has
therefore been used to couple it to cytotoxic compounds such as the topoisomerase I
inhibitor SN38 (El Alaoui et al., 2007) or induce an immune response (Vingert et al., 2006)
with preferential effects on cancer cells.
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Of primary cultures of gastrointestinal tumours, 80% were found to bind the VT-1 B subunit
and could be detected on tumour cells after 5 days. The stable association of VT-1 B subunit
with cells might be a useful property for diagnostic or therapeutic delivery strategies. This
subunit has little immunologic properties (Bast et al., 1997) and is well tolerated in a mouse
model (Smith et al., 2006).

An apparent treatment possibility to reverse MDR is to inhibit GSL biosynthesis by
inhibiting GCS or Gb3 synthase enzyme expression and/or activity, or use Gb3 mimics like
adamantylGbs (Arab et al., 1997).

The treatment obstacle of acquired-cisplatin resistance in MPM and other cancers makes it
necessary to find new strategies to overcome resistance. We showed that cisplatin can up-
regulate Gb3 expression in MPM and NSCLC cells and thus sensitize the cells to VT-1-
induced cytotoxicity. The increased proportion of Gb3-expressing cells after cisplatin
treatment (Fig. 1) suggests that cisplatin induces Gb3 expression in cancer cells, that

Fig. 1. The human mesothelioma cell line (P31 - upper panels) and its cisplatin-resistant sub-
line (P31res1.2 - lower panels) were grown to confluence on glass cover-slips without (left
panels) or with 15 pmol/L PPMP (right panels) for 72 h, then fixed with paraformaldehyde
and stained for 1 h with rat primary IgM antibodies against globotriasosylceramide (Gb3).
Secondary goat anti-rat IgM antibodies labeled with Alexa Fluor® 488 Dye were added for 1 h.
Nuclei were visualized with DAPI staining DNA and visualizing cell nuclei. Images were
captured on a Zeiss upright confocal microscope and analyzed using Zeiss ZEN 2010 software.
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cisplatin preferentially eradicates cell with low Gb3 expression and that Gb3 expression is
linked to acquired cisplatin-resistance (Johansson et al., 2010). We could also correlate
increased expression of Gb3 in cisplatin-resistant MPM (P31resl.2) cells to increased
expression of MDR1/PgP. This is important since MDR1/PgP generally is not over-
expressed in MPM but expression could possibly occur following chemotherapy. This needs
to be investigated further. PPMP reduced Gb3 expression in the resistant sub-line cells (Fig.
1) and particularly of the Gb3-expressing fraction that was induced when the mother cell
line was made cisplatin-resistant. A strong super-additive effect of combined cisplatin and a
sub-toxic concentration of VT-1 in cisplatin-resistant MPM cells were observed, indicating a
new potential clinical treatment approach (Johansson et al., 2010).

The MAPK pathway is involved in proapoptotic signalling of VT-1 in stressed cell systems
and the pathway is also involved in cisplatin-induced apoptosis and induced cisplatin
resistance (Salhia et al., 2002; Johansson et al, 2010). Targeting the MAPK signalling
pathway could, therefore, be an additional way to reduce cisplatin-induced tumour cells
resistance.

The partial cell surface co-localization of Gb3/MDR1, the modulation of MDR1 cell surface
expression by GSL and chemotherapy and the possibility to inhibit MDR1 expression by VT-
1/VT-1 B-sub-unit, all indicate a functional link between Gb3 and MDR1. Targeting the
physiological regulation of MDR1 could be an efficient way not only to prevent the
development of drug resistance during cancer chemotherapy but also to reverse inherent
and acquired drug resistance of MPM.

9. Conclusion

Improving our knowledge of the molecular alterations and signaling pathways specific to
MPM should help in the identification of biomarkers useful novel treatment approaches.
Such treatments might include targeted agents in combination with effective
chemotherapeutic regimes. Personalized treatments based on the biological characteristics
that follow that of the tumour will offer better future outcomes for MPM patients.
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1. Introduction

Inflammation and tumors have been demonstrated to have several common characteristics
in their microenvironments. Extracellular acidosis is frequently associated both with
inflammation area and tumor growth. Measurements of pH in peripheral tissues during the
development of inflammation have shown extracellular pH values as low as 5.5-7.0 while
the pH values of normal tissues are usually maintained at pH 7.4-7.5 mainly via pulmonary
respiration and kidney perfusion of protons (Edlow & Sheldon, 1971). Similary, the
extracellular pH in the central regions of tumors decreases below 6.7 in several tumors as a
consequence of lactate accumulation derived from a lack of sufficient vascularization or an
increase in tumor specific glycolysis under aerobic conditions combined with impaired
mitochondrial oxidative phosphorylation (Simmen, 1993; Vaupel, 1989; Warburg, 1956).
These pH declines affect cellular or tissue functions because their features are determined
mainly by a variety of enzymatic proteins, and all enzymatic activities have each optimal
pH. We have previously reported that the low pH conditions alter signal transductions. (1)
The phosphorylations of several proteins were upregulated at low pH in leukemia cells
(Fukamachi et al., 2001; Hirara et al., 2008). (2) CTIB, an Ikappa B beta variant, regulates
cellular survival and gene expression exclusively under acidic environments in Chinese
Hamster Ovary cells (Lao et al., 2005, 2006). Furthermore, the gene expressions related with
tumor malignancy were upregulated at low pH in several tumor cell lines (Rofstad et al.,
2006). These different characteristics dependent on extracellular pH provided us with a
perspective that the inhibitory effect of anti-tumor drugs or molecular targeted inhibitors
would vary at tumor-specific low pH, and the development of anti-tumor medicines, which
have medical properties especially in acidic conditions, would lead to curative therapies for
cancers.

Malignant mesothelioma is an aggressive tumor developed from the pleura or other
mesothelioma surface. No efficient method for treatment, including chemotherapy and
radiotherapy, has yet been established for advanced stage mesothelioma (Zucali &
Giaccone, 2006). However, the efficacies of anti-tumor agents against not only mesothelioma
but other tumors under acidic conditions have not yet been investigated exhaustively. Only
some attributive information has emphasized the possibility of alteration in anti-tumor
efficacy by extracellular pH and other conditions. The cytotoxicity of mitoxantrone and
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topotecan was reduced at low extracellular pH in murine EMT6 and in human MGH-U1
cells (Vukovic & Tannock, 1977). The impaired efficacy of mitoxantrone by acidosis was
confirmed in MIR rat mammary carcinoma cells (Jdhde et al., 1990). MCF-7 human breast
cancer cells in vitro were more susceptible to doxorubicin toxicity at pH 7.4 compared to pH
6.8, probably due to its weak base conformation (Raghunand et al.,, 1999). On the other
hands, mitomycin C showed higher cytotoxicity at low pH condition against EMT6 tumor
cells (Rockwell, 1986). The research on pH dependent inhibitory effects has accumulated
gradually, however the exhaustive investigation of efficacy at low pH using anti-tumor
agents and molecular targeted inhibitors against mesothelioma is urgent and important for
combinational therapy of anti-tumor agents or development of new drugs.

The screening of molecular targeted inhibitors, which inhibit cell growth preferentially at
low pH conditions, has the potential to produce new therapeutic agents with less adverse
effect against normal tissues because the development of malignant mesothelioma is
associated with inflammation derived from asbestos exposure and the insides of
mesothelioma tissues are also acidificated due to the mechanisms described above (Jahde et
al., 1992). In order to develop a new therapeutic modality, in this article we discuss the
effects of tumor specific microenvironments, especially under low pH conditions, on the
efficacy of classical anti-tumor drugs and molecular targeted inhibitors.

2. The SCADs inhibitor kits and experimental procedure

We previously compared the cytotoxic efficacies of 93 molecular targeted inhibitors in
SCADs inhibitor kit 1 at pH 7.5 and pH 6.7 against HeLa cells (Fukamachi et al., 2010). The
tumor characteristics, however, differ widely and, moreover, SCADs inhibitor kits 2 and 3
have a number of other inhibitors, so we examined the cytotoxic efficacies of 272 kinds of
molecular targeted inhibitors using SCADs inhibitor kits 1, 2 and 3 under different pH
conditions against mesothelioma cells.

The inhibitory effects of chemical compounds in the SCADs inhibitor kits at different pH
conditions were estimated by WST assay, a modified procedure of the MTT assay, as
described in our previous reports (Fukamachi et al., 2010). Human pleural mesothelioma
cell line NCI-H2052 was cultured in RPMI-1640 medium. To maintain medium pH for the
comparison of inhibitory effects under different pH conditions, our group has added Good's
buffer to media instead of sodium bicarbonate and found that all tumor cell lines we tested
can proliferated both at pH 7.5 and 6.7 without sodium bicarbonate although the
proliferation at pH 6.7 was slower than that at pH 7.5. The alteration of medium pH was not
significant at pH 6.7 whereas the pH of alkaline medium declined to 7.4 after proliferation
for 5 days (Fukamachi et al., 2001; Lao et al., 2005, 2006).

3. The effect of extracellular pH on classical anti-tumor agents against
mesothelioma

SCADs inhibitor kits include 17 anti-tumor medicines those have already been prescribed
for treatment of cancers. As shown in Table 1, none of the classical anti-tumor agents
achieved better results against mesothelioma under acidic conditions. Cisplatin,
mitomycin C, daunorubicin, aclarubicin, vinblastine sulfate, doxorubicin and cytochalasin
D showed less cytotoxicity under acidic conditions. No pH dependency was seen with



The Impact of Extracellular Low pH on the Anti-Tumor Efficacy Against Mesothelioma 189

bleomycin sulfate, paclitaxel, actinomycin D, camptothecin or etoposide (Table 1, Fig.1).
The remaining 6 medicines did not reduce cellular survival independently from medium
pH at 2 microM.

Cytotoxicity at different pH

higher cytotoxicity at low pH -

lower cytotoxicity at low pH Cisplatin, Mitomycin C, Daunorubicin/HCI, Doxorubicin/HCI

Vinblastine sulfate, Aclarubicin, Cytochalasin D

no different cytotoxicity Bleomycin sulfate, Paclitaxel, Actinomycin D, Camptothecin

betweenpH 6.7 and 7.5 .
Etoposide

no cytotoxicity

. 5-FU, Bestatin, Methotrexate, Flutamide, Tamoxifen/citrate
under 2 micro M

Table 1. Cytotoxicity of classical anti-tumor drug at different pH conditions.

3.1 Cisplatin

The cytotoxicity of cisplatin has been reported previously to show high sensitivity at low pH
in EMT mouse tumor or leukemia (Laurencot & Kennedy, 1995). However, the cytotoxicity
against NCI-H2052 mesothelioma was impaired at pH 6.7 as shown in Table.1 and Fig.1. We
suppose that this difference was derived from the alteration of intracellular pH value
dependent on extracellular pH value and the composition of nutrients. In previous
experiments, the medium pH values were set at pH 6.0 as acidic conditions in contrast to the
pH value 6.7 in our reports. We confirmed that the intracellular pH values are maintained at
pH above 7.1 in cells incubated in the medium with 10% FBS at pH 6.7 (data not shown). In
addition to our experiments, the maintenance of intracellular pH values in weak acidic
conditions was again confirmed in other tumor cell lines (Gerweck & Seethaaraman, 1996;
Owen et al., 1997). Extracellular pH lower than 6.5, however, markedly reduced intracellular
pH values (Rockwells, 1986). This large reduction of intracellular pH values has been
associated with apoptosis being independent of the presence of anti-tumor agents, so the
enhanced effect of cisplatin under acidic conditions below pH 6.0 might be derived from
another mechanism. Although the pH sensitive, anti-tumor bis (aminoalcohol)
dichloroplatinum(Il) has been developed, but its low pH dependent cytotoxicity appeared
pH only below pH 6.0 (Zorbas-Seifriends et al., 2006). The extracellular pH values in
mesothelioma, are usually over 6.7 (Jahde et al., 1992), so we presume that the cytotoxic
potential of cisplatin is reduced around at pH 6.7 in mesothelioma.

The mechanism of resistance against cisplatin under low pH conditions is unknown.
Cisplatin-resistance has been related with the activity of several proteins such as BRCA1,
which plays multiple role in DNA repair, or p21WAF1/CIP1 proteins (Alli et al., 2011; Wei
et al.,, 2010). Although the activity of these proteins at pH 6.7 has not been investigated,
acidosis affects several protein activity (Lao et al., 2006; Rofstad et al., 2006). So the alteration
of these proteins’ activity may contribute to the Cisplatin-resistance at low pH.
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Fig. 1. pH-dependent cytotoxicity of classical anti-tumor drug.

3.2 Mitomycin C

Mitomycin C was reported to be potently its cytotoxic at low pH conditions against EMT6
tumor cells and this was associated with the upregulated binding of mitomycin C to DNA
at low pH conditions (Rockwells, 1986). This result is different from our results, as shown
in Table.1 and Fig.1. The medium pH values were at pH 5.7 in previous experiments, so
probably the cytotoxicity of mitomycin C would be reduced at around pH 6.7. Resistance
to mitomycin C by several cancers has been reported and related with glutathion
S-transferase activity (Ruiz-Gomez et al., 2000). So the quantification of the expression or
activity of glutathion S-transferase under acidic conditions may be important. Although
the treatment against mesothelioma using mitomycin C has been investigated, its efficacy
was less than those of cisplatin (Fennell et al., 2007) or oxalipalatin (Routh et al., 2011).
In contrast, Co-treatment with mitomycin C, vinblastin and cisplatin achieved
the improvement of symptoms including cough, dyspnoea and pains (Andreopoulou et
al., 2004). So treatment with mitomycin C might be limited to improving the quality of
life.
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3.3 Doxorubicin and daunorubicin

The therapeutic effects of doxorubicin and daunorubicin against mesothelioma have been
linked with the tumor-resistance mechanism of mesothelioma. Single treatment with
doxorubicin and daunorubicin showed no significant anti-tumor activity (Harvey et al., 1984;
Steele et al., 2001). Although this combination with cisplatin achieved some slight
improvement, a high dose of doxorubicin was needed and this showed a toxic rather than
curative effect (Stewart et al., 1994). These impaired efficacies of doxorubicin in
mesothelioma have been thought to be due to upregulation of p-glycoprotein mediated
drug efflux (Isobe et al., 1994) or multi drug associated protein (Kato et al.,, 1998). The
expression of p-glycoprotein was up-regulated at low pH conditions in EMT6 cells and
prostate cancer cells (Thews et al., 2006 ). This upregulation of p-glycoprotein is partially
dependent on HIF-1 (Riganti et al.,, 2008) and extracellular low pH has been reported to
induce HIF-1 (Mekhall et al., 2004). So, this mechanism might contribute to the pH-
dependent loss of cytotoxicity as shown in Fig.1, in addition to the possibility derived from
its weakly basic conformation (Raghunand et al., 1999). Drug resistance is also influenced by
the activity of ROS scavengers. Most mesotheliomas express relatively large amount of
manganese superoxide dismutase, catalase and cell surface NADH oxidase, and the
cytotoxicitic function of ROS derived from doxorubicin were impaired in mesothelioma
(Hedges et al., 2003; Kahlos et al., 1998).

3.4 Vinblastine sulfate, aclarubicin and cytochalasin D

These three agents has not been investigated at low pH conditions yet. So our experiment
shown in Fig.1 was the first to show less cytotoxicity under acidic conditions. The reduced
cytotoxicity of these three drugs, however, might be explained by the pH-dependent
upregulation of p-glycoprotein as well as doxorubicin because vinblastine is also a p-
glycoprotein substance (Gertner et al, 1998). Recent data indicated that the use of
vinblastine should be limited to the improvement of symptoms as described above for
mitomycin C (Andreopuoulou et al., 2004). It has been reported that the anti-tumor activity
of aclarubicin is related to the production of ROS (Rogalska et al., 2008). So the
mesothelioma cell, which expresses elevated amounts of ROS scavengers, may be resistant
to aclarubicin.

The effects of cytochalasin D are derived from the breaking of actin filaments (Schiliwa, 1982).
Human actin-depolymerizing factor and cofilin have been reported to be pH-sensitive (Pope et
al., 2004). So this mechanism is likely to be associated with our results shown in Fig.1.

3.5 The pH dependency of other anti-tumor agents

Bleomycin was reported to show pH dependency in restricted conditions. The combination
of high temperature and low pH enhanced the efficacy of bleomycin and 1,3-bis(2-
chloroethyl)-1-nitrosourea but not methotrexate against Chinese hamster ovary, while there
was no effect of pH at normal tissue temperature (Hahn & Shiu, 1983). The efficiency of
bleomycin at low pH and high temperature has not been estimated against mesothelioma
yet in vitro and vivo. Hyperthermia with bleomycin, however, may be worthwhile to
examine against mesothelioma.
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Although 5-Fluorouracil (5-FU) did not show cytotoxicity under both pH conditions as
shown in Fig.1, high dose 5-FU previously showed the potential for pH dependent
mesothelioma suppression (Nissen & Tanneberg, 1981). 5-FU inhibited the 3H-uridine
incorporation preferentially at pH 7.4 compared to that at pH 6.8 at concentrations above
100 microM, so the comparison at each pH with higher doses of 5-FU is needed.

4. The effect of extracellular pH on molecular targeted inhibitors

As shown in Table 2, only four molecular targeted inhibitors, lovastatin, manumycin A, FTI-
276 and cantharidin, showed higher cytotoxicity at low pH conditions in our exhaustively
investigation against mesothelioma at different pH conditions using SCADs inhibitor kit.
The inhibitory effect of aphidicolin, bisindolymaleimide I, N1,N12-diethylspermine, PKR
inhibitor were impaired at low pH (Table 2, Fig.2).

Cytotoxicity at different pH

higher cytotoxicity at low pH Manumycin A, FTI-276, Cantharidin, Lovastatin

lower cytotoxicity at low pH Aphidicolin, Bisindolymaleimide /HCI, N1,N12-Diethylspermine
PKR inhibitor

no different cytotoxicity Scriptaid, Trichostatin A, Cycloheximide, Radicicol, 17-AAG, Cucurbitacin
between pH 6.7 and 7.5

PD 98059, MG-132, Lactacystin, Oligomycin, Bafilomycin A1, SB 225002
Monensin, Ouabain, Sanguinarine, Valinomycin, Nigericin, A23187
lonomycin, Thapsigargin, Rotenone, Leptomycin B*, LY 83583, Chetomin
o-Amanitin, MST-312, Akt Inhibitor IV, ATM kinase inhibitor
Cdk2/9 inhibitor, AGL 2263, IKK-2 inhibitor VI, JAK Inhibitor |, PP2
SU11652, PDGF receptor tyrosine kinase inhibitor IV, LY-294002
Wortmannin, Go7874, KT5823, ZM 336372, SU1498
VEGFR receptor tyrosine kinase inhibitor Il

VEGF recptor 2 kinase inhibitor

Table 2. Cytotoxicity of molecular targeted inhibitor at different pH conditions.

4.1 Statin
4.1.1 The therapeutic capacity of statins against cancers

The pH-dependent cytotoxicity of lovastatin was observed previously in HeLa cells,
mesothelioma cell line H2452 cells, pancreatic tumor cell line, BxPC-3 and Panc-1. Moreover,
simvastatin, another lipophilic statin, inhibited cellular survival of HeLa cells as well as
lovastatin (Fukamachi et al., 2010). These results indicated that pH-dependent cytotoxicity
of lovastatin is common to several tumors and that other statins have similar properties.
Statins (3-Hydroxy-3-methylglutaryl coenzyme A reductase inhibitors) block the de novo
synthesis of cholesterol, resulting in lower plasma cholesterol levels. Although myopathy or
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its more severe form rhabdomyolysis is a significant adverse effect of statin treatment, the
incidence is typically less than 0.1% (Ballantyne et al., 2003). Other adverse effects including
hyperplasia of the liver, squamous epithelial hyperplasia of cataracts and vascular lesions in
the central nervous system have lower incidences or need extreme inhibition of the enzyme
with high doses of statins (Gerson et al., 1989). Due to its active effect against cholesterol
synthesis and relatively safe features, lovastatin and other statins have been prescribed for
treatment of hypercholesterolaemia since the late 1980s (Tobert, 2003). Furthermore, statins
might have potential for other coronary artery diseases. In patients without established
cardiovascular disease but with cardiovascular risk factors, statin use was associated with
significantly improved survival and large reductions in the risk of major cardiovascular
events (Brugts et al., 2009).

In addition to its great curative effect for vascular disease, the relationship of statin with
cancer treatments has been discussed, including mesothelioma. Lovastatin inhibited the
growth of T cell leukemia (Newman et al., 1994), pancreatic tumor (Muller et al., 1998),
glioma (Jones et al., 1994), lung cancer (Maksimova et al., 2008) and prostate cancer (Hoque
et al., 2008). Other statins as well as lovastatin showed cytotoxicity against tumor cell lines.
Simvastatin against HT29 human colon cancer cells (Cho et al., 2008), glioma (Wu et al.,
2009), pravastatin against hepatoma (Kawata et al., 1992) have been reported. Moreover,
several statins reduced the migration of human pancreatic tumors and mouse melanoma
(Kusama et al., 2002). In addition to the cytotoxicity and suppression of invasion against
tumor cell lines, statins’ curative effect against several cancers was confirmed in patients.
Conventional chemotherapy using simvastatin with irinotecan, 5-FU and leucovorin
(FOLFIRI) was a feasible regimen with promising anti-tumor activity against metastatic
colorectal cancers (Lee et al., 2009). Fluvastatin reduces proliferation and increases apoptosis
in women with high grade breast cancer (Garwood et al., 2010). These results indicated that
statins inhibit tumor proliferation and have the potential to be applied for cancer treatments.

4.1.2 The mechanism of statins cytotoxicity; cholesterol and protein prenylation

The mechanism underlying statins’ pH-dependent cytotoxicity is unclear. Statins inhibit
HMG-CoA reductase that converts HMG-CoA to mevalonate, resulting in the reduction of
farnesyl pyrophosphate, a substance of cholesterol. The important feature of cholesterol is
that cholesterol is critical substance in plasma and vesicle membranes, so the inhibition of
cholesterol synthesis by statins reduces mitochondrial membrane potential and induces the
release of pro-apoptotic factors including cytochrome c, resulting in the apoptosis or the
increase of doxorubicin sensitivity in hepatocellular carcinoma (Montero et al., 2008). The
amount of cholesterol also contributed to the tumor cell migration (Sekine et al., 2010). These
contribution of cholesterol to tumor movement were impaired by the reduction of
cholesterol by statins (Murai et al., 2011).

Another cascade downstream of the mevalonate pathway might be important to influence
cellular function or tumor survival. Farnesyl pyrophosphate is converted into
geranylgeranyl pyrophosphate and both phosphates are substances of protein prenylation.
Proteins acquire lipophilicity with prenylation by farnesyl transferase or geranylgeranyl
transeferase and bind to membrane or hydrophobic grooves on the surface of soluble
protein factors (Gelb et al., 2006). In association with tumors, the prenylation of low
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molecular mass G protein has been examined, because their membrane association is
induced by prenylation (Finegold et al.,, 1990). Lovastatin inhibits the prenylation of G
proteins and alters their localization (Girgelt et al., 1994; Muller et al., 1998). Simvastatin
interfered with angiogenesis via inhibition of the geranylgeranylation and membrane
localization of RhoA (Park et al., 2002). RhoA activity and JNK, downstream of RhoA, were
also inhibited by atorvastatin, resulting in the suppression of osteosacroma invasion
(Fromigue et al., 2008). In addition, Rab protein, which was recently reported to be involved
in protein transport across the secretory, was geranylgeranylated by Rab geranylgeranyl
transferase, and mediated cancer invasion (Leung et al., 2006).

4.1.3 The mechanism of statins cytotoxicity; downstream of G protein

In the downstream of these low molecular mass G protein prenylations, statins induced an
mTOR-dependent Serl66 phosphorylation of Mdm?2, and this effect may attenuate the
duration and intensity of the p53 response to DNA damage in hepatocytes (Paajarvi et al.,
2005). Atorvastatins induce autophagy and autophagy-associated cell death in PC3 cells,
likely through inhibition of geranylgeranylation (Parikh et al., 2010). GGTI-286, an inhibitor
of geranylgeranyl transeferase, induced GO/G1l arrest and p2l resulting in tumor
suppression (Vogt et al., 1997). These effects derived from p2l were related with the
inhibition of histone deacetylase activity and release of promoter-associated HDAC1/2(Lin
et al., 2008). Lovastatin induced U87 glioblastoma cell death in correlation with significantly
increased levels of the BH3-only protein and the activation of MAPK. All of these alterations
were prevented by geranylgeranyl pyrophosphate (Jiang et al., 2004). Statins have the
potential to regulate gene expression related with cancer progression. MMP-9 reduction by
lovastatin resulted in the suppression of invasion (Wang et al., 2000). Pitavastatin at low
dose inhibits NF-kappaB activation and decreases IL-6 production induced by TNF-alpha
(Wang & Kitajima, 2007). Atorvastatin inhibits inflammatory angiogenesis in mice through
down-regulation of VEGF, TNF-alpha, and TGF-betal (Araujo et al., 2010). These reports
suggest that several cancers are sensitive to statins and the inhibitors of protein prenylation.

4.1.4 The effect of statins against mesothelioma under acidic conditions

In contrast to statins” inhibitory effect against several cancers, little has been reported about
the treatment of mesothelioma with statins or prenylation inhibitors. A few previous reports
and our results, however, stress the possibility of mesothelioma treatment by statins.
Lovastatin reduced malignant mesothelioma viability with altering the membrane
association of Ras, and this cytotoxic effect was impaired by addition of mevalonate (Rubins
et al., 1998). It is still unclear whether the cytotoxicity was dependent on the reduction of
cholesterol or on the prenylation of proteins. In regard to the doxorubicin sensitivity of
mesothelioma up-regulated by statins, the inhibition of protein prenylation was thought to
potentiate the cytotoxicity of doxorubicin (Riganti et al, 2006). Both mevastatin and
simvastatin increased the doxorubicin sensitivity via the increase of NO, and this effect was
mimicked by GGTI-286 and Y-27632, an inhibitor of ROCK which is a downstream protein
of Rho GTPase. Although, there has been no discussion about the contribution of the
decreased cholesterol, the decline of cholesterol level would reduce the mitochondrial
membrane potential, resulting in the release of pro-apoptotic protein. So both mechanisms
are thought to contribute to the up-regulation of doxorubicin sensitivity.
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Our resent results indicated that mesothelioma cells can proliferate under acidic conditions,
and the pH-dependent cytotoxicity was due to the pH-dependent activity of prenylated
proteins or the pH-dependent alteration of protein prenylation because manumycin A, an
inhibitor of farnesyl and geranylgeranyl transferase, showed pH-dependent cytotoxicity as
well as statins while no pH-dependent cytotoxicity appeared with YM-53601, an inhibitor of
squalene synthase (Fukamachi et al., 2010). This importance of protein prenylation was
reinforced by our result that three out of the only four inhibitors including FTI-276, an
inhibitor of farnesyl transferase, are related with protein prenylation as shown in Table 2. It
is not clear which protein’s prenylation or activity is important in mesothelioma cells under
acidic conditions. The signal transductions under acidic environments are different from
those at normal tissue pH. The phosphorylation of p38 was increased at low pH (Hirata et
al., 2008). The activity of the Erk/Ap-1 pathway is also activated at low pH in melanoma
cells (Kato et al., 2005). These results indicate that the upstream proteins of MAPK are likely
to be important at low pH. In fact, the activity of ERK in cardiac myocytes at low pH was
related with Ras activation (Haworth et al., 2006). The morphological changes under acidic
conditions were associated with Rho kinase (Hyvelin et al., 2004). Rab11b and its mediator
Rip11 regulate V-ATPase traffic elevated at low pH in duct cells (Oehike et al., 2011). These
results suggested that low molecular mass G protein might be important in tumor
proliferation under acidic conditions. It remains unclear yet why statins inhibit cellular
proliferation preferentially in tumor growth. Recently, a novel approach to identify
geranylgeranylated protein was developed using azide binding geranylgeraniol which
converted to geranylgeranyl pyrophosphate in cytosol (Chan et al., 2009). So the proteins,
which play a critical role for mesothelioma proliferation at low pH, will be identified soon.

4.2 Cantharidin
4.2.1 The mechanism of cantharidin to suppress tumor growth

Cantharidin, a natural compound isolated from beetles, has the inhibitory activity of protein
phosphatase (PP2A or PP1). Cantharidin was first found to be effective against various
warts (Cusack et al., 2008). Cantharidine has also been traditionally used as an anti-cancer
agent in China (Pang et al., 2007). The mechanism against cancer via the inhibition of protein
phosphatase is poorly understood except for a few reports regarding to apoptosis and signal
pathways. Cantharidin caused G2/M arrest through inhibition of CDK1 activity (Huang et
al., 2011) and apoptosis via mitochondrial pathways including Bax, Bcl-2, Bel-xI resulting in
caspase activation (Kok et al., 2005). Cantharidin was recently shown to have passive
cytotoxicity against tumor cells via the JAK/STAT pathway (Sagawa et al., 2008) and the
involvement of NF-kB pathways in cantharidin-induced apoptosis was also reported (Li et
al., 2011).

4.2.2 The problem with cantharidin and derivatives of cantharidin

Although these features of cantharidin are important for anti-tumor activity, the clinical
application of cantharidin is limited due to its severe side-effects and highly toxic nature.
The protein phosphatase-inhibitory toxins have been shown to induce hyper-
phosphorylation of cytoskeletal proteins like keratin in isolated rat hepatocytes, and to cause
disruption of the intracellular network of keratin intermediate filaments (Blankson et al.,
1995). The toxins also inhibit hepatocellular processes like autophagy, endocytosis, and
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protein synthesis and elicit apoptotic cell death when administered to hepatocytes in culture
(Blankson et al., 2000).

Therefore, the development of more selective and effective analogs of cantharidin with less
toxicity has become a challenge for cancer treatment. LB1.2, a synthesized cantharidin
derivative, showed significant enhancement of cancer chemotherapy on glioblastoma and
neuroblastoma cancer cells with no acute or chronic toxicity. This tumor-suppressive effect
was derived from the quiescent cells cycle and caused by blocking other replication
checkpoints triggered by DNA damage through the significant inhibition effect of PP2A
(Rajski & Williams., 1998). Norcantharidin (NCTD) is another demethylated derivative of
cantharidin possessing anti-cancer activity less toxic to normal cells, and has been used to
gastric cancer (McCluskey., 2002). NCTD inhibited the activity of PP2A, and was able to
promote the cell cycle from G1 to S phase with subsequent G2/M arrest (Yu et al., 2006). In
addition to this phosphatase inhibitory effect, recent studies have demonstrated that
cantharidin and NCTD can cause DNA damage, which may be the main contributory factor
in the cytotoxicity of NCTD and cantharidin (Efferth et al., 2005). NCTD-induced caspase-
dependent apoptosis was accompanied by an increase in ROS production, loss of
mitochondrial membrane potential with release of cytochrome c from the mitochondria to
the cytosol, and down-regulation of anti-apoptotic protein Bcl-2 (Chang et al., 2010).

4.2.3 The therapeutic capacity of cantharidin against mesothelioma

Combinational therapy with these new cantharidin derivatives may be used for treatment of
mesothelioma. In combinational treatment with doxorubicin and LB1, the effectiveness of
doxorubicin was greatly enhanced by the LB1 in the xenograft growth inhibition and lung
metastases prevention of an aggressive sarcoma derived from transformed mesenchymal
stem cells in syngeneic rats with little side toxicity (Zhang et al., 2010). Meanwhile, there
have been several reports to show that cantharidin and its derivatives are relatively
ineffective as an anti-cancer agent (Jiang et al., 1983). The contradiction may be related to
cantharidin being less effective at alkaline pH but more active at acidic pH (Fukamachi et
al., 2010)

It remains unclear why cantharidin inhibits more strongly at acidic pH and which pathways
are inhibited by cantharidin under acidic environments. The protein phosphatase, which has
been related with mesothelioma proliferation, is mainly PTEN (phosphatase and tensin
homologue deleted from chromosome 10). The activity of PTEN was suppressed in
mesothelioma (Opitz et al., 2008), and the elevated PI3K/Akt pathway, which is the target
pathway of PTEN, was repeatedly confirmed and related with mesothelioma proliferation
(Altomare et al., 2005). So the inhibition of PTEN by cantharidin is not likely to lead to
mesothelioma death. In other cell tumors, cantharidin induced G2/M arrest through
inhibition of CDK1 (Huang et al., 2011), and induced NF-kappaB activity via constitutive
phosphorylation of IKK. So the sensitivity of these proteins, especially NF-kappaB, to low
pH may be important because the translocation of NF-kappaB was altered dependent on
extracellular pH in T cells (unpublished data). Taken together, the pharmacologic inhibition
of PP2A with less-toxic cantharidin derivatives may be a useful strategy against
mesothelioma as a single treatment or combined with other anti-tumor agents including
doxorubicin.
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4.3 The impaired effect of molecular targeted inhibitors
4.3.1 Aphidicolin

Aphidicolin is a specific inhibitor of DNA polymerase alpha and delta, resulting in DNA
double-strand breaks leading to the activation of Ataxia-Telangiectasia Mutated: ATM (Ge
& Blow, 2010), the inhibition of DNA replication and cell cycle arrest in G1/S phase (Dhillon
et al., 2003). The impaired activity of aphidicolin at pH 6.7 shown in Table 2 and our
previous result (Fukamachi et al., 2010) suggested that mesothelioma cells might have an
acquired resistance to DNA double-strand breaks. Recently, an aphidicolin-resistant
Chinese hamster V79 cell mutant had aphidicolin-resistant DNA polymerase that had an
increased affinity for ANTP (Syljuasen et al., 2007). Furthermore, the checkpoint adaptation
was observed in aphidicolin-treated Xenopus, and this system was expected to function in
human cells (Herbst et al., 2003). The mechanism by which mesothelioma proliferates at pH
6.7 with aphidiconis is unclear yet. The most important point is that the ATM signal above
has been thought to contribute to the exclusion of DNA mutated cells leading to
tumorgenesis or tumor malignancy. Our result (Fig.2) may suggest that the extracellular
acidosis influences tumor malignancy via impaired ATM signals.

4.3.2 Bisindolmaleimide

Bisindolmaleimide is a specific inhibitor of PKC (Toullec et al., 1991). PKC is a ubiquitous
phospholipid-dependent serine/threonine kinase involved in major signaling events that
regulate cellular growth, migration, apoptosis, and a wide variety of biological responses
to stimuli (Sukumaran & Prasadarao, 2002). Several studies have indicated that the
inhibition of PKC represses tumor proliferation although it depend on the PKC class (Hu
et al., 2011; Toton et al., 2011). PKCbetal was expressed in the majority of MPM and the
treatment of MPM cell lines with PKC inhibitor showed synergy when combined with
cisplatin in vitro (Faoro et al., 2008). Moreover the inhibition of protein kinase C prevents
asbestos-induced c-fos and c-jun proto-oncogene expression in mesothelial cells (Fung et
al., 1997). Despite these results relating tumor progression with PKC, our results showed
less sensitivity to Bisindolmaleimide (Table 2 & Fig.2). The suppressive acitivity of PKC at
low pH was demonstrated in prostate carcinoma (Thews et al., 2006). So the impaired
activity of Bisindolmaleimide may be due to the decline of PKC activity under acidic
conditions.
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Fig. 2. pH dependency of molecular targeted inhibitors
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4.3.3 PKR inhibitor

PKR, double-stranded RNA dependent protein kinase R, is activated by heme deficiency,
the absence of amino acids, folded proteins accumulated in the ER, and dsRNA. The
activated PKR phosphorylates elF2a, and the phosphorylated elF2a acts as a dominant
inhibitor of the guanine exchange factor elF2B, which prevents the recycling of elF2 between
succeeding rounds of protein synthesis and eventually leads to a global obstruction of
mRNA translation initiation. This allows cells to adapt to stressful conditions by
economizing on energy expended by protein synthesis (Wek et al., 2006). The adaptation
process of elF2a phoshorylation involves the selective translation of transcription factors
such as activating transcription factor 4 (ATF4) (Vattem & Wek, 2004) and ATF5 (Zhou et al,,
2008), which induce the expression of genes that facilitate adaptation. In cases of prolonged
stress, the induction of elF2a phosphorylation leads to cell death through the induction of
apoptotic pathways (Wek et al., 2006). The results in Fig. 2 may suggest that the activity of
PKR is less important in the proliferation of mesothelioma under acidic condition. Acidic
conditions, in fact, enhanced the phosphorylation of eIF2, but this was confirmed at pH
lower than 5.5 and not over 6.2 in a partially PKR-independent manner (Vantelon et al.,
2007). So the phosphorylation of elF2 without PKR at pH 6.7 might not cause this PKR
independency at pH 6.7. Recently, there has been strong evidence to suggest that
mammalian elF2a kinases including PKR can also mediate activate glycogen synthase
kinase 3 to promote the proteasomal degradation of p53 independently of elF2a
phosphorylation (Baltzis et al., 2007). So another mechanism may be critical in this reduced
inhibitory effect at low pH.

4.3.4 The impaired effect of N1,N12-Diethylspermine

N1,N12-Diethylspermine lost its cytotoxic activity as shown in Table 2 and Fig. 2. N1, N12 -
Diethylspermine (BESpm) caused a specific induction of spermidine/spermine N'-
acetyltransferase (SSAT) activity, a cytosolic enzyme is induced in response to a variety of
toxic agents, hormones and polyamine derivative (Casero et al,, 1990). Polyamines are
aliphatic cations present in all cells. SSAT is a rate-limiting step in polyamine catabolism,
which catalyzes the transfer of the acetyl group from acetyl-CoA to the spermidine or
spermine and has a predominant role in the regulation of intracellular polyamine
concentrations in mammalian cells (Vujcic et al., 2000). Decreases in polyamines have been
shown to promote decreased growth or apoptosis (Khan et al., 1992), depending on the cell
type and the particular stimulus, suggesting a complex interaction between polyamines, cell
growth, and cell death. Therefore, although polyamines are required for cell growth and
differentiation, SSAT is thought to prevent overaccumulation of the higher polyamines from
becoming toxic to the cell and may play a role in reducing the growth rate by decreasing
intracellular polyamines. It has been shown that the regulation of SSAT by the natural
polyamines and the anti-tumor polyamine analogues is through the polyamine response
element (Wang et al, 1998). Furthermore, the superinduction of SSAT by polyamine
analogues has been implicated in the cell type-specific cytotoxic response of several
important human tumors including human lung cancer (Casero et al., 1990, 1992; Chang et
al., 1992; Kim et al., 2005). Consistent with these previous reports, BESpm reduced cellular
survival at pH 7.5 against mesothelioma as shown Fig. 2, probably via the inhibition of
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SSAT by BESpm, leading to the desruption of polyamine regulation while no inhibitory
effect was observed at pH 6.7. This result suggests that proliferation of mesothelioma cell
line may be independent of the regulation of polyamine.

5. Novel anti-tumor therapy being dependent on pH
5.1 The effect of Alkylating drug

Some alkylating anti-tumor drugs including chlorambucil, carboquone and
cyclophosphamide were reported to have higher cytotoxocity at low pH, probably because
of their weak acid conformation or the decrease of drug resistance (Mikkelsen et al., 1985). It
is difficult, however, to use them due to their causing the development of other tumors in
common with alkyl agents (Rai et al., 2000).

5.2 Lowering the intracellular pH using nigericin

Low intracellular pH has been associated with enhanced cytotoxicity of anti-tumor drugs, so
drugs to reduce intracellular pH have been investigated. The intracellular pH is higher than
the extracellular pH, as mentioned above, so nigericin, an ionophore that acidifies the
cytoplasm by exchanging cations with protons in cells placed in medium at low pH, was co-
incubated with anti-tumor agents. Amiloride and 4,4'-diisothiocyanostilbene 2,2-disulfonic
acid, inhibitors of the Na/H and HCO3/Cl exchangers, respectively, decreased intracellular
pH in the presence of nigericin at low extracellular pH against Chinese hamster ovary and
human bladder cancer MGH-U1 cells (Rotin et al., 1987).

5.3 The pH-dependent cytotoxicity of N-dodecylimidazole

N-dodecylimidazole is a compound, which acquires detergent properties under acidic
conditions, and is thought to be useful for selectively killing cells under intratumor low pH
environments. N-dodecylimidazole displayed pH-dependent cytotoxicity against EMT-6
and MGH-UT1 cells. The cytotoxicity was enhanced 100-fold at pH 6.0 compared with pH 7.0
(Boyer et al., 1993). However, these liposomal formulations need to be optimized to achieve
higher concentrations of pH-sensitive detergents within the endosome to facilitate efficient
cytosolic release of liposome-entrapped contents (Chen et al., 2003). Various kinds of pH
sensitive detergents have recently been developed to carry the anti-tumor drugs to the
tumor nest, burst, and effuse the contents, dependent on the tumor pH. An acid-cleavable
PEG lipid, 1'-(4'-cholesteryloxy-3'-butenyl)-omega-methoxy-polyethylene glycolate (CVEP),
has been developed that produces stable liposomes when dispersed as a minor component
(0.5-5 mol %) in 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE). Cleavage of CVEP
at mildly acidic pH results in dePEGylation of the latently fusogenic DOPE liposomes,
thereby triggering the onset of content release (Boomer et al., 2009). Physical and chemical
instabilities have limited the use of these drug carriers as pharmaceutical products.
Recently, however, the preparation of freeze-dried pharmaceuticals has proven to be a
successful strategy implemented to improve the stability of these formulations. Long-
circulating and pH-sensitive liposomes containing Cisplatin are now being applied in vivo
experiments (Giuberti et al., 2010).



Mesotheliomas - Synonyms and Definition, Epidemiology, Etiology,
200 Pathogenesis, Cyto-Histopathological Features, Clinic, Diagnosis, Treatment, Prognosis

5.4 The pH dependent cytotoxicity of tirapazamine

Low pH can substantially potentiate the cytotoxic effect of the bioreductive drug
tirapazamine in HT-29 human tumor cells (Skarsgard et al., 1993). Tirapazamine is the lead
member of a class of bioreductive drugs and requires metabolic activation to give a cytotoxic
free radical species via a variety of cellular reductases, including NADPH cytochrome ¢
reductase (Chinje et al., 2003). Combination therapy with tirapazamine and cisplatin has
shown increased treatment efficacy compared with cisplatin alone in malignant melanoma
and non-small-cell lung cancer, and also may be of benefit when combined with both
radiotherapy and cisplatin in head and neck cancer (Williams et al., 2001).

6. Conclusion

As discussed in this review, there are no classical anti-tumor drugs which show high
cytotoxicity against mesothelioma at pH 6.7. So it might be much important to prescribe
both drugs whose cytotoxicity is enhanced at low pH and drugs which induce cell death at
normal tissue pH for mesothelioma treatment. Although classical anti-tumor medicines
have potent tumor suppressive effects, they also have severe toxicities for normal tissues. So
the therapeutic regimes with lesser amounts of classical anti-tumor agents are urgently
required. To this end, drugs which show higher cytotoxicity at low pH, including statins
and cantharidins would be conventional candidates for co-treatment of mesothelioma. In
fact, the combination treatment of solid tumors with statins enhanced anti-tumor drugs in
vivo (Agarwal et al., 1999; Gao et al., 2010; O’Brien et al. 2003; Zhao et al., 2010). So the
development of new compounds with anti-tumor activity preferentially at low pH would be
useful for chemotherapy of mesothelioma.
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1. Introduction

Malignant pleural mesothelioma is the most common mesothelial malignancy, which arises
from the malignant transformation of mesothelial cells that line the pleural cavity.
Malignant pleural mesothelioma is a highly invasive disease with a very long latency and
treatment is rarely effective, since only few patients survive more than one year after
diagnosis (Carbone et al., 2007). Asbestos, a fibrous mineral widely used throughout the 20th
century, has been acknowledged to being the main causative agent (Wagner, 1979).

Although systemic chemotherapy with novel combinations of platinum-based drugs and
antimetabolites showed some degree of success in selected patients, prognosis remains
generally poor (Kindler, 2008;Robinson et al., 2005). The fact that the disease is often
intrinsically resistant to treatment, combined with the notion that the majority of patients
are elderly due to a long latency, and thus prone to complications and comorbidities, further
limits treatment options (Ray, Kindler, 2009).

Malignant pleural mesothelioma is still regarded as a rare disease, despite the fact that its
incidence has been steeply rising in the last decades and is not expected to level before the
year 2020 (Robinson et al., 2005). Increased incidence and the fact that conventional
antitumour treatment options are ineffective, highlight the need for novel therapies for
MPM patients and underline the urgency for implementation of more effective diagnostic,
prognostic, predictive and, nevertheless, therapeutic targets.

Thorough understanding of the differences between normal and malignant cells is crucial in
the search and development of such targets. More comprehensive knowledge of tumour
biology in general and malignant pleural mesothelioma in particular allows and facilitates
the discovery and validation of novel potential markers. Several such potential markers can
be found among proteins involved in the cellular pathways that mediate malignant
transformation and, at least in part, constitute the so called hallmarks of cancer, e.g. cellular
signalling, proliferation and apoptosis (Hanahan, Weinberg, 2000).

This chapter focuses on presenting survivin, a cancer-specific protein involved in both
proliferation and apoptosis regulation. Furthermore, the aim of this review is to explore
survivin's potential as a prognostic and therapeutic target for MPM.
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2. Survivin as an interloper between apoptosis and proliferation

Hanahan and Weinberg described ten so called hallmarks of cancer and defined them as
features common to all malignancies. They consist of acquired phenotypic properties,
rooted in the defects of key regulatory mechanisms of cells within a tissue, namely:
unlimited replication potential, self-sufficiency in growth signals and their transduction,
insensitivity to growth inhibitors, resistance to apoptosis, as well as sustained
angiogenesis, adjacent and distal tissue invasion, abnormal metabolic pathways, genome
instability, avoidance of the immune system and chronic inflammation (Hanahan,
Weinberg, 2000;,2011). Among the latter, apoptosis and proliferation deregulation are at
the very core of malignant transformation and have thus been given special attention in
the present paper.

Apoptosis is an evolutionary conserved ATP-dependent type of programmed cellular death,
executed by caspases (cysteine proteases), which lead to a progressive disruption of the cell
structures and formation of membrane-enclosed vesicles, named apoptotic bodies.
Apoptosis can be triggered by either intrinsic or extrinsic death signals and is regulated by
two gene families, Bclo and IAP (Pizem, Cor, 2003). Survivin is a member of the IAP
(Inhibitor of Apoptosis Protein) family and is thus an important antagonist of apoptosis,
whose biology is discussed in more detail in the present paper.

The very fact that survivin is a member of the IAP family and is structurally similar to IAPs,
such as ILP-2, livin and apollon, means that initial research on this protein was focused on
its antiapoptotic role (Li et al., 1998;Salvesen, Duckett, 2002). Even though a substantial body
of work has been invested in elucidating survivin’s role as an apoptosis inhibitor, several
issues are unclear and remain a subject of discussion.

Survivin's central role is believed to be suppression of apoptosis during embryogenesis
(Adida et al., 1998). Survivin inhibits apoptosis on several levels. It binds and inactivates
effector caspases 3 and 7 (Pizem, Cor, 2003). Moreover, survivin inhibits apoptosis by
preventing mitochondrial export of the proapoptotic protein SMAC/Diablo (Lima et al.,
2009). Furthermore, survivin binds and is stabilised by the aryl hydrocarbon receptor-
binding protein (AIP), which enhances survivin's antiapoptotic functions and helps elevate
a cell’s antiapoptotic threshold (Kang, Altieri, 2006). Another antiapoptotic function of
survivin is directly connected to its promitotic functions, since the binding of survivin to
mitotic spindle microtubuli inhibits a default intrinsic triggering of cellular death during
mitosis (Li et al.,, 1998). Notably, survivin expression in cancer cells helps them overcome
intrinsic and extrinsic death signals.

Following the discoveries of survivin's antiapoptotic and cytoprotective functions, it was
subsequently discovered that survivin has several other functions and is actively involved
in cellular proliferation (Lens et al., 2003), microtubule dynamics and cellular stress
response (Fortugno et al., 2003). Survivin is thus now regarded as a multifunctional, nodal
protein.

Although cellular death and cellular division seem to be directly opposite processes, they
are indeed intimately related. And that relation makes perfect sense when tissue
homeostasis is taken into account. Redundant, damaged or infected cells need to be
removed by apoptosis, which does not damage adjacent cells, and substituted with new,
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well performing ones by mitosis. Progression through the cell cycle, which allows for the
production of new cells, and programmed cellular death, which causes loss of cells within
tissues, share a number of control mechanisms that need to be strongly interlinked in
order to assure normal tissue development and homeostasis. Several proteins are
involved in the regulation of both processes. Disruption of the balance between
proliferation and apoptosis is an important feature of malignant tumours and further
underlines the importance of cell cycle/apoptosis regulation proteins in tumourigenesis
(Hanahan, Weinberg, 2011).

Cellular proliferation, like apoptosis, is a tightly regulated process. Survivin promotes
proliferation by direct binding and stabilisation of mitotic spindle microtubuli during the
initial stages of mitosis (Altieri, 2010) and by regulation of chromosome segregation.
Additionally, survivin is an important part of the chromosome passenger protein complex
(CPP) and interacts with several CPP components, assuring their stability (Fortugno et al.,
2002). In fact, Li et al. demonstrated that disruption of the survivin-mitotic spindle
microtubuli interaction results in the loss of survivin's antiapoptotic function and an
increase in Caspase 3 activity, a mechanism of inter-mitotic apoptosis induction (Li et al.,
1998). The latter suggests, as mentioned previously, that survivin functions as an inhibitor of
a default triggering of apoptosis during the G2/M phase of the cell cycle and might explain
why survivin expression peaks at the transition from phase G2 to M (Beardmore et al., 2004).
This means that survivin overexpression allows malignant cells to overcome proapoptotic
checkpoints and favours aberrant progression through mitosis, regardless of critical genome
defects, absence of growth signals or stress.

Additionally to its promitotic and antiapoptotic functions, survivin has also been
demonstrated to be involved in cellular stress response pathways, interacting with the
molecular chaperone Hsp90. Hsp90 is a central stress response chaperone, which helps cells
to adapt to stress. Fortugno et al. demonstrated that Hsp90 binds survivin and stabilises it,
meaning that the formation of such Hsp90-survivin complexes efficiently prevents apoptosis
and mediates cellular proliferation, overcoming the environmental stress. Since both Hsp90
and survivin are often overexpressed in cancer, such interaction mechanisms are often
exploited by cancer cells, allowing them to retain their proliferative potential, despite
unfavourable environmental conditions (Altieri, 2004;Fortugno et al., 2003).

Despite the fact that new pathways involving survivin are constantly being discovered, it is
fairly clear that survivin is a very important cancer gene that adjuvates the accumulation of
malignant phenotype features. In sharp contrast with its vast array of functions, survivin
(Baculoviral IAP Repeat Containing 5; BIRC5) is a rather small protein of 16.5 kDa (142
amino acids) and is the smallest member of the IAP family (Pizem, Cor, 2003).

Unlike other IAP family members, survivin has only one BIR domain (Figure 1), which is
essential for its antiapoptotic function (Ambrosini et al., 1997). Survivin spontaneously
forms antiparallelic dimers in vitro, but novel data suggest that a monomeric form is
required for its proper functioning (Altieri, 2008b). Within the cell, survivin can be present
in the nucleus, cytosol and mitochondria (Mahotka et al., 2002). Its expression levels are cell-
cycle dependent, with a peak expression at the transition from phase G2 to M, which means
that survivin expression reaches its highest point at the initial stage of cellular division
(Beardmore et al., 2004).
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Fig. 1. Structures of IAP family proteins, adapted from (Salvesen, Duckett, 2002).

Survivin is encoded by the BIRC5 gene, located on chromosome 17q25 in the human
genome and is composed of four exons and three intons (Reed, 2001). Posttranscriptional
modifications, namely alternative intron splicing, are responsible for the formation of
alternative survivin isoforms (Noton et al., 2006), which are described in Table 1. The exact
meaning of alternative BIRC5 splicing is yet to be elucidated.

BIRC5 gene expression is controlled by a TATA-less inducible promoter with a canonical
CpG domain and three cell cycle dependent elements (CDE) (Li, Altieri, 1999). Single
nucleotide polymorphisms in the BIRC5 promoter region and methylation of CpG domains
have been demonstrated to affect BIRC5 expression levels (Li, Altieri, 1999;Ma et al.,
2010;Ma et al., 2011). The exact signals that trigger promoter activity and activate the
expression of BIRC5 are not completely understood. It is possible that tumour suppressors
repress BIRC5 expression, whereas oncogenes activate the promoter and trigger expression.
Mirza et al. confirmed that wild-type p53, a crucial tumour suppressor, suppresses survivin
expression (Mirza et al., 2002).

Isoform Modification (relative to WT)
survivin-2A none; wild type survivin isoform
survivin-2B alternative exon 2
survivin-deltaEx-3 deletion of exon 3

survivin-3B alternative exon 3

Table 1. Survivin isoforms, summarised from (Noton et al., 2006)

As mentioned previously, survivin is present in both the nucleus and cytoplasm. Its various
subcellular localisations are inevitably linked to its distinct functions. Nuclear survivin is
thought to be involved in proliferation regulation, whereas cytoplasmic survivin has an
anti-apoptotic role (Stauber et al, 2007). It is believed that both survivin isoform and
phosphorylation status dictate its subcellular localisation and function, but this theory has
not been thoroughly researched yet (Altieri, 2010;Mahotka et al., 2002).
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It should thus be noted that survivin has a unique role in the cell, providing an interplaying
link between cellular death and cellular division. Both apoptosis and cellular proliferation
are often deregulated in cancer and components of both pathways could be used as
potential anticancer therapeutic targets.

3. Survivin in cancer

Very few potential anticancer therapeutic targets have boosted as much promise as survivin.
In fact, one of survivin's most prominent features is its interesting expression pattern. Survivin
is expressed in embryonal tissue and malignant cells, but is virtually absent from terminally
differentiated tissues, with very limited exceptions, such as thymocytes, endothelial cells and
bone marrow cells (Altieri, 2003a;Pizem, Cor, 2003;Sah et al., 2006). The almost exclusive
tumour-specific expression pattern undoubtedly means that survivin has an important role in
the development and progression of cancer (Altieri, 2008a). Survivin expression has been
demonstrated in several types of human malignancies (Figure 2), such as medulloblastoma
(Pizem et al., 2005), colorectal carcinoma (Sarela et al., 2000), lymphoma (Ambrosini et al.,
1997) and many others (Nachmias et al., 2004). Klabatsa et al. demonstrated that survivin is
also expressed in malignant pleural mesothelioma (Klabatsa et al., 2005).
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Fig. 2. Survivin expression in cancer. A: Gallbladder adenocarcinoma. B: Medulloblastoma
(immunohistochemistry, 400x magnification).

Additionally to assessing survivin's presence, retrospective analyses demonstrated that
survivin expression levels are linked to tumour progression and patient survival. Survivin
over-expression proved to be a negative prognostic marker in several types of cancer, like
colorectal (Sarela et al., 2001) and hepatocellular (Ikeguchi et al., 2002) carcinoma. On the
other hand, Kennedy et al. confirmed that survivin expression is a positive prognostic
marker for breast cancer (Kennedy et al., 2003). In fact, increased survivin expression
correlated with more pronounced disease progression and a more aggressive phenotype,
poorer response to treatment and shortened patient survival (Sah et al., 2006).

It is now generally accepted that survivin is both a negative prognostic marker and a
positive predictive marker, since its expression reliably predicts response to treatment and
disease progression (Kato et al., 2001). Moreover, it is possible that an increase in survivin
expression might improve a tumour’s response to therapy, since high-survivin tumors tend
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to be more aggressive and proliferative and thus more likely to respond to cytostatic
treatment (Petrarca et al., 2011; Span et al., 2006).

Besides survivin’s role in cancer progression, its sharp tumour-specific expression pattern
means that survivin is a promising potential therapeutic target for many types of cancer.
Several preclinical and early-stage clinical studies have indeed demonstrated the feasibility
and effectiveness of survivin-based anticancer treatments (Altieri, 2003b).

4. The role of survivin in malignant pleural mesothelioma
4.1 Prognostic role

As mentioned previously, a straightforward negative prognostic value for survivin has been
confirmed for several types of cancer throughout a vast array of retrospective studies. But
very few studies on survivin's prognostic and predictive role in malignant pleural
mesothelioma have been published so far (summarised in Table 2).

Unfortunately, as Table 2 indicates, results of those studies are still conflicting. Nevertheless,
it appears that survivin has a negative impact on survival of malignant pleural
mesothelioma patients, although the numbers of patients included in the studies were
generally low. Notwithstanding the latter, it is important to note that those studies
unanimously confirmed that survivin indeed is extensively expressed in malignant pleural
mesothelioma (Figure 3).

Fig. 3. Survivin expression in different histological types of malignant pleural mesothelioma.
A: epitheloid histological type, B: biphasic histological type, C: sarcomatoid histological type
(immunohistochemistry, 400x magnification).

As for those studies, differences in survivin detection and expression quantification methods
might complicate any attempts at data comparison. But when the immunohistochemistry-
based studies from Table 2 are selected and compared, striking differences are observed in the
numbers of patients with survivin-positive tumours. Gordon et al. detected 76 % of survivin
positive malignant pleural mesotheliomas (Gordon et al., 2007), which is in concordance with
the 77 % of survivin positive malignant pleural mesotheliomas detected by (Klabatsa et al.,
2005), whereas Kleinberg et al. demonstrated survivin expression in 64 % of malignant pleural
mesothelioma patients included in their study (Kleinberg et al., 2007). In comparison, in our
recently published paper, all (100 %) of the malignant pleural mesothelioma specimens from
101 patients analysed were survivin positive, with a median level of 67 % of survivin positive
tumour cell nuclei (Hmeljak et al., 2011).
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Those results, although very broad-range and seemingly inconsistent, underline a very
important point: survivin is present and actively expressed in malignant pleural
mesothelioma.

Correlation

Authors Year Patients *Methods > ; Reference
with survival

Klabatsa . . . - (Klabatsa

otal. 2005 32 immunohistochemistry positive al., 2005)

immunohistochemistry, qRT- . (Gordon

Gordon et al. 2007 66 PCR negative al.,, 2007)

Kleinberg 2007 77 immunohistochemistry, western non (Kleinberg

et al. blot significant et al., 2007)

. . : . (Lan

Lan et al. 2010 44 immunocytochemistry, qRT-PCR negative et al,, 2010)

. . . . non (Hmeljak
Hmeljak et al. 2011 101 immunohistochemistry

significant et al., 2011)

*Only patients with malignant pleural mesothelioma are included, although some of the studies
comprised malignant peritoneal mesothelioma and reactive pleuritis patients.

Table 2. Overview of studies on the prognostic role of survivin in malignant pleural
mesothelioma

And although its prognostic value in malignant pleural mesothelioma has not been
conclusively assessed yet, survivin's role as a potential therapeutic target should not be
dismissed.

4.2 Therapeutic role

Currently, malignant pleural mesothelioma treatment is consisted of platinum-based
systemic chemotherapy with several additional combinations. One of the most successful
approaches is combined systemic chemotherapy with cisplatin and pemetrexed (Belli et al.,
2009). Surgical resection of the tumour is possible only in selected cases, which are rare, due
to the fact that most patients are diagnosed at an advanced stage of the disease, when
debulking surgery becomes too dangerous (Kindler, 2008). Another important obstacle of
present therapies is the fact that malignant pleural mesothelioma often develops resistance
to therapeutic approaches, rendering them ineffective.

Since conventional therapies regularly fail, a surprisingly high number of novel therapeutic
approaches have been recently (and are being currently) explored. Such intensive research is
motivated by increasing numbers of patients and the absence of current effective therapies
(Ray, Kindler, 2009). It is a pleasant surprise that such an investment is being made in the
treatment of a fairly rare disease. Among those novel strategies, special attention has been
devoted to antisurvivin therapies, which have been extensively tested in the preclinical
setting. Survivin inhibition resulted in decreased survival of malignant pleural
mesothelioma cells (Xia et al., 2002) and increased sensitivity to radiotherapy (Kim et al.,
2007). Data from those studies indicate that posttranscriptional targeting of survivin
increases the rates of both spontaneous and radiation-induced apoptosis and highlight the
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central role of survivin in maintainig apoptosis resistance and mitotic potential of malignant
pleural mesothelioma cells. Moreover, use of conditionally replicative adenoviruses
containing the BIRC5 promoter increased apoptosis in both in vitro and in vivo models of
malignant pleural mesothelioma (Zhu et al., 2006).

Antisurvivin treatment approaches include not only posttranscriptional knockdown with
antisense oligonucleotides or siRNA molecules. Low molecular weight chemical inhibitors,
such as YM155 (Nakahara et al., 2007), and immunogenic peptides, such as survivin-2B80-88
(Tsuruma et al., 2004) are being tested in the preclinical and early-phase clinical setting for
breast, lung and colorectal cancer. Promising results of such antisurvivin therapies, applied
to other cancer types (Hansen et al., 2008; Olie et al., 2000;,Tsuruma et al., 2008), further
confirm the feasibility and effectiveness of antisurvivin therapeutic approaches for the
treatment of malignant pleural mesothelioma patients.

Our group recently performed a pilot in vitro experiment, in which a combination of survivin
knockdown by siRNA (Stealth® siRNA BIRC5HSS179403; Invitrogen, Carlsbad, CA, USA)
and hypotonic chemotherapy with cisplatin (cis-diamminedichloroplatinum, CDDP) dissolved
in ultrapure water, has been administered to mesothelioma cell line MSTO-211H. The survival
of treated cells was assessed by the clonogenic assay (Figure 4). We found that the combination
of survivin silencing and administration of a hypotonic solution of cisplatin very effectively
reduced survival of MSTO-211H cells compared to survivin silencing only (p<0.001) and also
compared to survivin silencing and application of isotonic cisplatin dissolved in phosphate
buffered saline (p=0.005). Our preliminary results suggest that inhibition of survivin
effectively reduces the survival of malignant pleural mesothelioma cells. Moreover, the effect
is substantially amplified when a combined approach of gene therapy and chemotherapy with
cisplatin is applied. The exact nature of the observed combined antitumour effect (whether it is
additive or synergistic) was not determined in the present phase of experiments, but it should
undoubtedly be interesting to assess.

1.4

I niirensfected + [sotonic COOP
]
1.2 4 B Teanafected # hypoiord: CODP

EE Trantfecied « Rotoniz CODP

06 -

04 4

02 -

0.0 .I !I !l N |
1 10

conimal (1]
CDDP [ug/ml]

Fig. 4. Survival fractions of MSTO-211H cells after transfection with Stealth® siRNA
BIRC5HSS179403 and subsequent chemotherapy with cisplatin.
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Nowadays, malignant pleural mesothelioma rarely responds to conventional treatment and
prognosis remains poor, despite extensive preclinical research and improvement in
diagnosis. Novel, locally administered targeted therapies are promising, since pleural
mesothelioma has some features that indicate the feasibility of such therapies. Surface
accessibility of the tumour and predominantly local spread of the disease are characteristics
that would allow successful local gene-therapy-based treatment (Albelda et al., 2009), such
as antisurvivin siRNAs or antisense oligonucleotides.

Preclinical research on therapeutic targeting of survivin in malignant pleural mesothelioma
has confirmed the effectiveness and feasibility of such approaches, especially when
combined with existing conventional therapies and has laid a strong foundation for
translation into the clinic.

4.3 Biological and ethiological role

Notwithstanding the widely acknowledged and studied presence of survivin in malignant
pleural mesothelioma or its potential therapeutic value, very little is known about the actual
mechanisms of activation of the BIRC5 gene during malignant transformation of mesothelial
cells. It has been suggested that activated oncogenes might trigger BIRC5 expression, since
Falleni et al. demonstrated a gradual increase in survivin mRNA from normal mesothelial
cells through inflammatory pleuritis and malignant mesothelioma (Falleni et al., 2005). The
latter indicates that survivin expression increases during the phases of malignant
transformation and is correlated with a progressively increasing malignant phenotype. It
has not, however, been elucidated, whether increased survivin expression is a cause or a
consequence of malignant transformation. And even though thorough retrospective
research might not manage to elucidate the value of survivin expression levels as a
malignant pleural mesothelioma prognostic marker, survivin will still remain an intriguing
and promising potential therapeutic target.

5. The role of survivin in malignant peritoneal mesothelioma

Although the primary focus of the present text is malignant pleural mesothelioma, the latter
is not the only form of mesothelial malignancy. Malignant peritoneal mesothelioma (MePM)
is a much rarer manifestation of mesothelial malignancies, accounting for 20 - 33 % of all
malignant mesotheliomas (Bridda et al., 2007). Although the biology of malignant peritoneal
mesothelioma remains largely unclear, this form of mesothelioma is known to arise from
and spreads along the peritoneal mesothelium, remaining confined to the peritoneal cavity
for most of its natural history (Deraco et al., 1999). Similarly to pleural mesothelioma,
malignant peritoneal mesothelioma is characterised by a poor prognosis and poor response
to treatment. Conversely, the importance of novel potential prognostic and therapeutic
targets is just as urgent as in pleural mesothelioma. Zaffaroni et al. demonstrated that
survivin is expressed in malignant peritoneal mesothelioma and its expression is a negative
prognostic marker. Moreover, the same study confirmed that survivin knockdown using
RNA interference markedly decreased MPeM cell survival in vitro (Zaffaroni et al., 2007).

6. Conclusions

The aim of modern anticancer treatment strategies is a “clean” removal of malignant cells
with limited or, preferably, no damage to adjacent normal tissues. Despite recent advances
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in anticancer treatment, malignant pleural mesothelioma remains a fatal disease with an
extremely poor prognosis. Several retrospective studies confirmed high levels of survivin
expression in malignant pleural mesothelioma, but failed to conclusively assess its
prognostic significance. On the other hand, survivin targeting proved to be an effective
approach for malignant pleural mesothelioma treatment. Unfortunately, several important
pieces of the survivin-mesothelioma story are still missing and a lot of research is still
awaiting.

The present review only briefly explored the issue and we hope it helped pinpoint some of
the missing bits of information that need to be clarified for a thorough understanding of the
matter. It is our firm belief that combining survivin targeting with local or systemic
conventional therapies would be a valuable therapeutic strategy for mesothelioma patients.
Current preclinical data are extensive and incouraging and we can only hope that
translation in the clinical setting will be prompt and successful. Malignant pleural
mesothelioma is, in fact, a deadly disease and still has one of the worst prognoses among all
malignancies. Research and validation of novel targets can bring new hope to patients, who
often find themselves frustrated by the lack of effective treatment options. And in the case of
malignant pleural mesothelioma, the numbers of those patients are increasing steeply at this
very moment.
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1. Introduction
1.1 The Warburg effect (Fig.1)

Cancer cells are eager to glucose and consume about 10 times more glucose than normal
cells. Glucose transformation results in the formation of lactic acid, even in the presence of
oxygen. This phenomenon named “aerobic glycolysis” was first observed by Otto Warburg
in the 20s (Warburg, 1930), who considered later, it was the result of a defect of
mitochondrial respiration, causing cancer (Warburg, 1956). The energy efficiency of aerobic
glycolysis is low, since 2 ATP are produced, which represents eighteen times less than the
complete degradation of glucose producing 36 ATP (Campbell & Smith, 2000; Lehninger
1975; Stryer, 1981). However, because cancer cells find all nutrients in abundance in their
environment, they would focus more on promoting metabolic ways needed for biosynthesis,
rather than would search the most efficient energetic way (Griining, 2010; Isra&l, 2004, 2005;
Vander Heiden, 2009). Cancer cells not only consume glucose in excess (a great part of it, is
diverted towards ribose synthesis), but also amino acids, especially glutamine, derived from
muscle proteolysis. Glutamine, which is the preferential mode of transportation of blood
nitrogen, provides amine groups for several biosynthetic processes, such as purine and
pyrimidine bases synthesis (DeBerardinis, 2008, 2010; Eagle, 1956; Reitzer, 1979). At the
same time, cancer cells might burn fatty acid through the mitochondrial -oxidation, a very
energetic pathway producing ATP. From the intermediate molecules provided by enhanced
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glycolysis and glutaminolysis (and may be also by B-oxidation), cancer cells will synthesize
most of the macromolecules required to duplicate their biomass and genome (proteins,
nucleic acids, membrane lipids) (Griining, 2010; Israél, 2004, 2005; Vander Heiden, 2009).
Due to the frequent impairment of mitochondrial respiration resulting in a defective
oxidative phosphorylation (OXPHOS), ATP production by mitochondria can be reduced. In
that situation, glycolysis will provide a more significant part of ATP as OXPHOS will be
defective (Lopez-Rios, 2007; Samudio, 2009; Simonnet, 2003; Xu, 2005). ATP, NAD* and
NADPH,H* are required in large amounts in the cytoplasm of cancer cells. NAD* is not only
necessary for the functioning of the increased glycolysis at the glyceraldehyde 3-phosphate
dehydrogenase (G3PD) level, but also for the action of the Poly ADP-ribose polymerase
(PARP), which participates to the enhanced nucleotides synthesis (Griining, 2010).
NADPH,H" is required for lipid synthesis and for the functioning of enzymes, such as the
glutathione reductase, which reduce toxic reactive oxygen species (ROS) (3-7). LDH
transforms pyruvate into lactate and regenerates NAD*. As aforementioned, this cofactor is
crucial for the functioning of glycolysis at the G3PD level (Campbell & Smith, 2000; Israél,
2004, 2005; Lehninger 1975; Stryer, 1981). To support a high glycolytic flux required to
produce anabolic intermediates, the NAD* pool must be continuously regenerated in the
cytoplasm by several dehydrogenases such as the LDH. Because there is a “bottle neck” at
the end of glycolysis due to the low activity of the pyruvate kinase PKM2 (see below), it is
likely than an important part of the pyruvate used by LDH might come from glutaminolysis
and transamination of alanine, produced by muscular proteolysis which is particularly
enhanced in cachectic patients (Israél, 2004, 2005) but also from cytosolic citrate (Icard &
Lincet, 2012, in press). It has been shown that lactic acid, more than a waste product, can be
taken up by oxygenated tumor cells to restore pyruvate, sparing glucose for most the
hypoxic tumor cells (Feron, 2009). Like NAD*, NADPH, H * must be also continuously
regenerated, either through the pentose phosphate pathway (PPP) producing ribose and or
by cytosolic enzymes, such as the malic enzyme, which converts malate into pyruvate. As
seen later, malate is coming from oxaloacetate (OAA), and OAA results form the action of
ATP-citrate lyase (ACLY) on citrate, giving acetyl-coA donor for the de novo fatty acid
synthesis. Thus, citrate, coming from mitochondria, feeds fatty acid synthesis in one way,
and the formation in pyruvate (and lactate) in another way. Finally, while reserves are
normally used to produce nutrients, ketones bodies and glucose, cancer cells use these
reserves for burning glucose and building new tumor substance. The eagerness of cancer
tumors for glucose has been confirmed by PET scan, which is currently used to detect
tumors and metastases (Caretta, 2000; Vander Heiden, 2009). The decrease in tracer uptake
(2-deoxy-glucose-FD) is often considered as a good predictor of the effectiveness of
chemotherapy (Eagle, 1956), while highly glycolytic tumors are generally considered as the
most aggressive (proliferative and/or chemoresistant) ones (DeBerardinis, 2008, 2010; Eagle,
1956; Reitzer, 1979).

Because of the PKM2 bottle neck and the inactivation of pyruvate dehydrogenase, there is a
disjunction between glycolysis and TCA cycle. Glycolysis serves to produce ribose for
nucleotides synthesis, glycerol for lipid synthesis, whereas lactate is rejected. Proteolysis
produces alanine which fed the LDH reaction whereas transaminations provide also
aspartate serving to nucleotides synthesis. Glutaminolysis feeds the TCA cycle and results in
the formation of OAA. Lipolysis produces acetyl-CoA (in place of glycolysis) which is
condensed with OAA to form citrate through the action of the citrate synthase (CS). Then
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citrate goes outside mitochondria to re-forms acetyl-CoA which is used for lipid synthesis
whereas OAA is finally converted in pyruvate by malate dehydrogenase (MDH) and malic
enzyme (ME). Finally proteolysis and lipolysis contribute to produce pyruvate in place of
glycolysis, and this pyruvate is transformed in lactic acid, the LDH reaction forming NAD+
which is crucial for the functioning of glycolysis.
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Fig. 1. Reorganization of catabolic and anabolic pathways in cancer cells.

ACC: acetyl-coA carboxylase, ACLY: ATP-citrate lyase, CPT: carnitine palmitoyl
transferase, CS: citrate synthase, F1,6BPase: fructose 1,6 biphosphatase, F2,6BPase:
fructose 2,6 biphosphatase, FAD: flavine adenine dinucleotide, FH: fumarate hydratase,
GADPH: glyceraldehyde 3-phosphate dehydrogenase, GDH: glutamate dehydrogenase,
GPD: glycerol 3-phosphate dehydrogenase, GS: glutamine synthetase, GOPDH: glucose 6-
phosphate dehydrogenase, G6P: glucose 6-phosphate, G3P: glycerol 3-phosphate, HAT:
histone acetyl transferase, HK: hexokinase, LDH: lacticodehydrogenase, MDH: malate
dehydrogenase, ME: malic enzyme, NAD*: nicotinamide adenine dinucleotide,
NADPH,H*: nicotinamide adenine dinucleotide phosphate, PC: pyruvate carboxylase,
PDH: pyruvate dehydrogenase, PEPCK: phosphoenolpyruvate carboxykinase, PFK:
phosphofructokinase, PGK: phosphoglycerate kinase, PGM: phosphoglucomutase, PKM2:
embryonic isoform of pyruvate kinase, R5P: ribose 5-phosphate, SDH: succinate
dehydrogenase.
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1.2 The mechanisms involved in the Warburg effect are complex

The mechanisms involved in the Warburg effect generate an increasing interest (Bellance,
2009; Griining, 2010; Israél, 2004, 2005; Kroemer & Pouyssegur, 2008; Vander Heiden, 2009).
Briefly, glycolysis would be truncated at its end because pyruvate kinase (PK) of cancer cells
would function at a low activity. Indeed, PK is re-expressed in cancer cells in its embryonic
form, PKM2, which is less active than the adult form PKM1 (Christofk, 2008a, 2008b;
Griining, 2010; Israél, 2004, 2005; Kroemer & Pouyssegur, 2008; Mazurek, 2002; Vander
Heiden, 2009). This event creates a block or “ bottle neck” leading to the accumulation of
intermediates upstream which are derived mainly towards the formation of ribose (through
the PPP) and glycerol, respectively required for nucleotides and lipid biosynthesis. The
reversion of PKM2 to PKM1 abrogates the Warburg effect (Christofk, 2008a, 2008b). As see
above, others sources of pyruvate than glucose are stimulated, such as proteolysis providing
alanine and glutaminolysis, which leads to the formation of acetyl-CoA furnishing citrate.
Pyruvate feeds preferentially the LDH, because pyruvate dehydrogenase (PD) is blocked in
cancer cells by pyruvate dehydrogenase kinase (PDK) (Kim, 2006). It is noteworthy that
glycolysis, although poorly efficient in producing energy, might furnish an important part
of ATP. It is a much faster way to product ATP than OXPHOS, which allows cells to adjust
very quickly their consumption of glucose to their high energy requirement, like muscle
during effort. Because several complexes of the respiratory chain could be defective in
cancer cells, OXPHOS could be dysfunctional. In that case, glycolysis may become the
principal mode, if not unique, of energy production (Lopez-Rios, 2007; Simonnet, 2003; Xu,
2005). These alterations might occur from complex I to complex V (Lopez-Rios, 2007;
Samudio, 2009; Simonnet, 2003; Xu, 2005), creating a second “bottle neck”, associated with
ROS production. When the detoxification capacity of the cells is overwhelmed, ROS create
mitochondrial and cellular damages, which aggravate in turn the cell and mitochondrial
dysfunctions, leading to alterations in the first place of the respiratory chain and OXPHOS.

A reprogramming of the signaling pathways would conduct these biochemical
rearrangements through translational and transcriptional mechanisms (Bellance, 2009;
Griining, 2010; Isra&l, 2004, 2005; Kroemer & Pouyssegur, 2008; Vander Heiden, 2009). The
over expression of oncogenes (PI3K/AKT/mTOR pathway, c-Myc and particularly of the
activation of the hypoxia inducible factor-1a (HIF-1a)) (Kim, 2006; Marin-Hernandez, 2009),
associated with mutation of suppressor genes (P53, P21, PTEN, PP2A, etc.) would support
the special metabolism of cancer cells (Bellance, 2009; Griining, 2010; Israél, 2004, 2005;
Kroemer & Pouyssegur, 2008; Vander Heiden, 2009). For example, HIF-1a stimulates the
overexpression of membrane glucose transporters (GLUT1, GLUT3) and of several enzymes
of glycolysis (especially HK, PFK, PKM2, LDH) (Marin-Herndndez, 2009), whereas it
induces pyruvate dehydrogenase kinase (PDK) (Kim, 2006). This latter action counteracts
the activity of pyruvate dehydrogenase (PDH), leading that pyruvate is preferentially
derived to form lactic acid through the action of the LDH. This enzyme is not only induced
by HIF-la but also by a variety of oncogenes like c-Myc (Bellance, 2009; Feron, 2009;
Griining, 2010; Israél, 2004, 2005; Kroemer & Pouyssegur, 2008; Vander Heiden, 2009). LDH
activation ensures a rapid consumption of pyruvate even when O, is available and
continuously regenerates NAD* which sustains enhanced glycolysis (Griining, 2010; Israél,
2004, 2005; Vander Heiden, 2009). Through various mechanisms (decrease of the ratio cAMP
/ ¢GMP, increase of NO, etc.), the process of cancer would be enhanced with activation of
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mitosis, whereas the metabolic shift from OXPHOS to aerobic glycolysis (Warburg effect)
would be promoted. It is likely that this special metabolism helps cancer cells to tolerate
their hypoxic microenvironment, and contributes to viability, autonomous growth,
migration and chemoresistance of cells, giving them also the ability to control ROS levels
and to avoid apoptosis, all mechanisms which are hallmarks of cancer.

1.3 If do we block glycolysis, do we stop cancer cell proliferation?

Whatever are these complexes and intricate mechanisms supporting this reprogramming
metabolism, if we block aerobic glycolysis, do we stop cell growth or kill cells?

With this hypothesis we worked within the Biology and Therapies for Locally Aggressive
Cancer (Bioticla) of the Normandy Regional Study Group on Cancer (GRECAN), on
cultured cells of human cancers and on nude mice bearing human mesothelioma. We chose
to work preferentially on this cancer, because our region is particularly affected by this
cancer due to local industries which have used largely asbestos since long date. We report
herein a synthesis of various works that have been carried out at our laboratory, showing
the interest of using anti-glycolytic molecules such as 2-deoxyglucose (2-DG), 3-
bromopyruvate (3-BrPA) and citrate (Lu, 2011; Zhang, 2006, 2009a, 2009b). Because citrate
have demonstrated several interesting anti-cancer actions, and because none toxicity have
been reported about this physiologic molecule (Diaz, 1994; Vagianos, 1990), toxicity studies
were performed about it and presented in this review.

2. Materials and methods
2.1 In vitro

12 lines of human cancers of various origins (liver, ovaries, brain, colon, head and neck,
mesothelioma) were initially used to check the validity of our hypothesis, namely that the
blocking of glycolysis led to the arrest of the growth or to the death of cancer cells. For
that purpose, cells were exposed to 5mM of 2-deoxyglucose (2-DG), a glucose analogue
that is not metabolized (Zhang, 2006). Then, we focused our work on malignant
mesothelioma, studying two human cell lines (MSTO-211H and NCI-H28), which
appeared representative of other lines tested in the laboratory (NCI-H2052, IST-Mes3).
These lines were acquired from the American Type Culture Collection (ATCC). The
doubling time of MSTO-211H was about 24 hours, whereas NCI-H28 cells proliferated
more slowly. We observed that NCI-H28 cells were resistant to high dose (one injection at
a dose of 20 pg per ml) of cisplatin, in contrast to MSTO-211H cells which were sensitive
to this high dose, but resistant to a lower dose (5pg per ml). At such dose, MSTO-211H
demonstrated only a transient slowing of their proliferation, the recovery of their growth
being observed from the 5th day after the injection of cisplatin.

2.2 In vivo

We used Swiss mice/Nude CD1 females aging from 4 to 6 weeks, weighing about 25 g
(Charles River France). These mice developed peritoneal carcinomatosis after receiving an
intra-peritoneal (ip) injection of 2x107 MSTO-211H cells in 1 ml. This peritoneal carcinomatosis
was visible from the 15th day, and caused death of animals in about 30 days. Using this
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method, the taking tumor was generally excellent, reaching 100 %. Peritoneal carcinomatosis
was made of mesothelioma tumor nodules, which were confirmed by histological examination
(Pr Francoise Galateau-Sallé, Department of Anatomical Pathology, CHU de Caen). We
favored this model of peritoneal carcinomatosis because it was easier to reproduce than a
pleural model and because it allowed repeated therapeutic injections, that were impossible or
otherwise very difficult to realize with a pleural model, due to the risk of pneumothorax.
Furthermore, involvement of the peritoneum is also a common feature either in the course of
advanced pleural mesothelioma, or as primary localization (about 5 % of cases).

2.3 Anti-glycolytic agents

2-DG is an analog of glucose, described as an inhibitor of the first step of glycolysis, because
it would be not metabolized.

3-BrPA is theoretically an inhibitor of all reactions involving pyruvate. Furthermore, it has
been reported as an inhibitor of HK II (Danial, 2003; Pastorino, 2008; Pedersen, 2002), that
demonstrated a very good efficacy in rabbits and mice bearing hepatocarcinoma
(Geschwind, 2004; Ko, 2004).

Citrate is a well-known physiological inhibitor of phosphosfructokinase (PFK1), the key
enzyme regulating glycolysis. Inhibition of PFK1 is total when citrate is abundant (Stryer,
1981). This allosteric enzyme, converts fructose 6-phosphate in fructose 1-6 bisphosphate,
and acts as a true gauge of energy inside the cell. It is inhibited by ATP when it is in excess,
whereas it is activated by ADP, when the cell lacks of energy. By this feedback, the flow of
the glycolysis is adjusted to the ATP requirements (Campbell & Smith, 2000; Lehninger
1975; Stryer, 1981). The fact that PFK1 is also inhibited by citrate, which is produced by the
first step of the tricarboxylic acid cycle (TCA cycle), adjusts very quickly the flow of
glycolysis with that of the TCA cycle, because citrate diffuses rapidly outside the
mitochondria, in contrast to ATP which necessitates a complex system carrier. Other actions
of citrate will be presented in the discussion.

These agents were provided by Sigma Aldrich.

2.4 Toxicity studies about citrate

Acute and chronic toxicity (in various organs such as liver, heart, lung, kidney, etc.) were
determined in mice after ip injection of sodium citrate. We chose to study primarily this way
of administration, considering futures clinical applications. Experiments were performed in
the Department of Clinical Pharmacology of the University Hospital of Caen (directed by Pr
Antoine Coquerel). For determining acute toxicity, increasing doses of citrate buffer were
administered by ip injections to mice (5 to 8 animals per group), since the dose of 50 mg per
kg to the maximum dose of 12 g per kg. Chronic toxicity was studied on mice (10 animals
per group) which received either 5 ip injections per week of 200 mg per kg of sodium citrate
during 3 weeks, or 3 ip injections per week of 500 mg per kg of sodium citrate during 5
weeks. Several groups of mice received also daily oral administration of citrate (500 mg/kg
5 day/ 7). Clinical examinations were repeated until sacrifice (day 90) whereas organs (liver,
kidneys, lungs and heart) were taken for histological analysis in the Pathological
Department of the hospital (Dr Maria Paciencia) checking for histological signs of toxicity
such as edema, necrosis, inflammation, fibrosis.
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3. Results

Our works have resulted in several publications (Lu, 2011; Varin, 2010; Zhang, 2006, 2009a,
2009b):

we observed first that inhibition of glycolysis by exposure of cells during 7 days to 5
mM of 2-DG, led to a clear inhibition of cancer growth cells (varying from 63.7% to
94.3%) of 12 different lines of various cancers we tested. Significant cell death apoptosis
was observed in some strains (Zhang, 2006). This study showed the interest of
counteracting cancer cells development by anti-glycolytic agents.

focusing our studies on mesothelioma, we observed that ip injections of 2-DG had no
effect on survival of nude mice bearing human mesothelioma. In contrast, survival of
animals (12 animals per group) was very significantly lengthened (p <0.0001) when
they were treated since day 21, with two series of four weekly ip injections of 3-
Bromopyruvate (3-BrPA). This drug was administered at a dose of 2.67 mg per kg (0.8
ml to 500 microM) per day (4) (Fig. 2a). With our protocol (two series of injection), 17 %
(2 / 12) of mice treated with 3-BrPA as the sole treatment demonstrated complete tumor
response (Zhang, 2009). In contrast, a sole series of 4 ip injections of 3-BrPA or a sole ip
injection of cisplatin at 21 days (at a dose of 4 mg per kg), had no effect. Interestingly,
the association of drugs was very effective, leading to a highly significant prolongation
of survival (p = 0.002) (Zhang, 2009b) (Fig. 2b).

in cultured cells, a low dose of cisplatin (5 pg per ml), administered after three days of
exposure to citrate 10 mM, led to complete death of MSTO-211H cells (Zhang, 2009a).
This death involved the mitochondrial apoptotic pathway, and no secondary recurrence
of proliferation was visible until the 14th day of culture. In contrast, exposure to citrate
10 mM alone had only a cytostatic effect, whereas exposition to cisplatin alone caused
only a temporary slowing of the proliferation (Fig. 3 a and b).

in MSTO-211H cells, we observed that citrate induced an early diminution of the
expression of the anti-apoptotic protein Mcl-1 (Fig. 3 c), which is a protein member of
the Bcl-2 family playing a key role, with Bcl-xt, in the chemoresistance of malignant
cancers, especially of mesothelioma, as we showed (Varin, 2010). Indeed, concomitant
inhibition of these two anti-apoptotic proteins by specific siRNA (directed against Mcl-1
or Bcl-x1) caused complete cell death of MSTO-211H cells, whereas inhibition of only
one of these two anti-apoptotic molecules, even combined with cisplatin at a low dose
(5 ug per ml), was not sufficient to eradicate cultured cells (34). This anti Mcl-laction of
citrate was confirmed on two lines of gastric cancer, exposed for 3 days to 10 mM (Lu,
2011) and recently on several ovarian cancer lines (data not shown).

For trying to better understand the different behavior of our two mesothelioma cell
lines, we studied their mitochondrial respiration. MSTO-211H cells, which may
undergo apoptosis, had a functional mitochondrial respiration, which was reactive to
succinate, a substrate of the complex II of the respiratory chain (Zhang, 2009b). In
contrast, the robust NCI-H28 cells, insensitive to high doses of cisplatin, seemed to be
destroying only by a mechanism of necrosis death, when exposed to 3-BrPA or citrate at
higher concentration, beyond 200 microM or 20 mM respectively (data not shown). We
showed these cells have no functional mitochondrial respiration, insensible to succinate
(28). Therefore, we wondered if they were able to undergo apoptosis? We showed they
could, if they were treated by two specific siRNA directed against Mcl-1 or Bel-xi.
associated with a low dose of cisplatin (5pg per ml) (Varin, 2010).
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Fig. 2. Effect of 3-BrPA on survival of nude mice carrying a peritoneal carcinomatosis
obtained by injection of human mesothelioma cells MSTO-211H.
A: This experiment showed the efficacy of the association of a cisplatin injection at 21,
followed by a series of 4 intra-peritoneal injections of 3-BrPA. In contrast, these agents were
inefficient when administrated alone.
B: This second experiment showed that the association of drugs was efficient, whereas
cisplatin alone was inefficient in prolonging survival of mice. When a second series of 3-
BrPA injections was performed, 3-BrPA alone was efficient in prolonging survival.
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Fig. 3. Effect of citrate, cisplatin and combinaison of drugs on human MSTO-211H cells.

A: Western blot after 24h exposure to citrate (10mM) on anti-apoptotic proteins Mcl-1 and
Bcl-x.. B: Kinetic evolution of cell viability (blue trypan exclusion test) in response to
continuous 72h initial exposure of citrate (10mM), cisplatin injection at day 3 ( 5pg/ml), and
combinaison of treatment on MSTO-211H cells. C : Aspect of cell flask cultures on day 14.
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3.1 Acute and chronic toxicities of citrate

Citrate was toxic only at high doses: the 50 % lethal dose (LD) in mice was 4 g per kg, the
minimum LD was 2 g per kg, whereas the mortality reached 100 % for 8 g per kg. At
autopsy we observed an intra-abdominal bleeding and or the presence of ascite. We
observed signs of clinical acute toxicity at doses > 500 mg / kg, which were in chronological
order: immobility, tachypnea with cyanosis of the extremities, bristling hair, tremors and
convulsions. The latter signs occurred within 3 to 8 minutes after the ip injection. The
occurrence of convulsions in high doses of citrate and the known properties of calcium
chelating of this acid led us to treat animals receiving lethal doses of citrate by calcium
chloride, injected immediately after the ip injection of citrate, with an equivalent molar dose.
All animals survived.

None chronic toxicity was observed with the protocol tested. All animals were in good
health before sacrifice at day 90. Histological studies revealed none chronic signs of toxicity
in the organs, except in the lungs where we observed diffuse or multifocal alveolar
hemorrhage and bronchial lymphocytic infiltrate in all animals including in all controls.

4. Discussion

Chemoresistance made the seriousness of cancer, because in absence of an effective
chemotherapy, others treatments (surgery, radiotherapy) are often doomed to failure. Even
when tumors are diagnosed at an early stage, where surgical resection is feasible, survivals
are generally less than 50% at 5 years for many solid cancers (lung, liver, pancreas, stomach,
colon, ovaries, etc.). When metastases are present, survival does not exceed a few months in
general, despite chemotherapy and/or radiotherapy treatments. For mesothelioma the
survival is generally poor (the median duration of survival is often less than one year), due
to its high resistance to chemotherapy. Therefore, it is fundamental to understand the
mechanisms of drug resistance and to find new treatments overcoming such resistance.

Chemotherapy cause intracellular damages (such DNA adducts after cisplatin treatment
blocking mitosis) and results in an overproduction of ROS (Reactive Oxygen Species) toxics
for the cells. These damages lead to cell death apoptosis, when the capacities of cells for
repairing damages and for detoxifying ROS are exceeded (Bellance, 2009; Gogvadze, 2009;
Griining, 2010; Israél, 2004, 2005; Kroemer & Pouyssegur, 2008; Olovnikov, 2009; Vander
Heiden, 2009). Cells may also develop drug resistance by over expressing anti-apoptotic
proteins (Burz, 2009; Green, 2004; Yip, 2008), or by over expressing the transporter P-
glycoprotein 170, a protein which expels the chemotherapy drug outside at their membrane.
This membrane carrier belongs to the family of the ATP transporters associated with the
Multi Drug Resistance phenotype (MDR) (Comerford, 2002). All these mechanisms leading
to drug resistance occur either primarily as it is usual for mesothelioma, or secondarily, as
often see for ovarian cancer, a cancer disease actively studied in our laboratory.

When active, chemotherapies lead to apoptotic death of cancer cells (Burz, 2009; Green,
2004; Yip, 2008). Apoptosis is a physiological mechanism used for modeling the form of the
embryo or for eliminating damaged or aged cells during life (Green, 2004). Apoptosis results
from the leakage of the mitochondria outer membrane where pores open and release
various molecules into the cytoplasm, such cytochrome c oxidized. Then caspases are
activated in the cytosol. The activation of caspases (9 and 3 in particular) leads to
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fragmentation of the nucleus (as evidenced by the cleavage of PARP) and by the
transformation of the cells into debris, which are eliminated by the macrophages. Apoptosis
is controlled by genes that encode for pro-apoptotic (Bid, Bax, Bak, BH3-only...) and anti-
apoptotic proteins (Bcl-2 type, Mcl-1, Bcl-xr...). It ultimately results in the imbalance
between these two kinds of proteins, all belonging to the Bcl-2 family (Burz, 2009; Green,
2004; Yip, 2008). It seems that pro-apoptotic proteins such as Bak and Bax need to trigger
apoptosis, to be first translocated from the cytoplasm to the mitochondria. This translocation
occur after these pro-apoptotic proteins have inhibited the anti-apoptotic proteins located on
the surface of mitochondria either by direct contact or through indirect mechanisms
involving the subfamily of pro-apoptotic proteins BH3-only, such as Noxa, Puma, Bad
(Willis, 2005). As it was shown in our laboratory (Varin, 2010), concomitant inhibition by
specific siRNA directed against Mcl-1 and Bcl-xi proteins was sufficient to destroy all
MSTO-211H cells in culture, whereas the robust NCI-H28 cells, were destroyed in the same
way by the adjunction of a low dose of cisplatin. So, anti-apoptotic strategies are thought to
play an important role in next future to overcome drug resistance of cancers (Burz, 2009).

Whatever the mechanisms involved in the drug resistance (MDR, resistance to apoptosis,
enhancement of detoxification and of damage repairing process, etc.), all these processes
require large amounts of ATP and cofactors such NAD* or NADPH, H*. If the damages are
significant, DNA repairing enzymes, like PARP, are highly activated, requiring large
amounts of ATP and NAD*. The functioning of the P-glycoprotein 170, associated with the
MDR phenotype needs also great amounts of ATP to expulse drugs outside (Comerford,
2002). In definitive, ATP is required for all process of life, and higher level is required by
cancer cells for surviving cellular damages caused by chemotherapy. Therefore, we may
hypothesize that if we diminish the level of ATP and of the cofactors inside cells, we will
facilitate the action of chemotherapy, cells lacking of ATP and cofactors necessary to repair.
The intensity of the ATP depletion would result in cell death apoptosis which requires ATP,
or in necrosis, when ATP depletion will be severe enough or brutal inside cells (Leist, 1997;
Lelli, 1998).

Our results show that blocking glycolysis, can effectively trigger apoptosis or necrosis and
sensitize cells to chemotherapy. The mechanism leading to cell death remains to be studied:
energy depletion ?, blockade of ribose formation derived from glucose transformation ?,
other actions?

We chose to work on mesothelioma, but we think any significant results obtain in this
highly chemoresistant cancer, should be reasonably extrapolated for others solid cancers.
Our results confirm the therapeutic benefit against cancer cells that could be taken when
glycolysis is slowed down or blocked using anti-glycolytic agents (Geschwind, 2004; Ko,
2004; Xu, 2005). When death occurs, it happened either by apoptotic or by necrotic
mechanisms, a type of death that could be related to the intensity of ATP depletion. When
studying the effects of 3-BrPA and citrate, we observed that cell death effect was dose and
time dependant. When the dose was high, necrosis was dominant. Our studies (Zhang,
2009b) confirm the anti-cancer action of 3-BrPA (Geschwind, 2004; Ko, 2004) and
demonstrated in vivo the interest of this agent to sensitize cells to cisplatin, which has been
observed in vitro (Ihrlund, 2008). We showed similar anti-cancer action of citrate which
demonstrated also interesting anti-Mcl-1 properties (Zhang, 2009a; Lu, 2011). It is
noteworthy that these anti-glycolytic molecules might have a crucial role for destroying
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robust cells like our chemoresistant NCI-H28 cells, which are presumably the most hypoxic
ones, lacking functional mitochondrial respiration (Xu, 2005). Cells which cannot adapt such
severe environmental conditions spontaneously died, forming necrosis, as it is often see in
the core part of large tumors, such as non squamous lung cancers. For surviving these
severe hypoxic conditions, cells should have necessarily adapt a robust defense system
supported by an enhanced glycolysis providing ATP, in place of OXPHOS because of the
lack of O,. It is tempting to link the high chemoresistance of these cells to their altered
mitochondrial respiration (Zhang, 2009a) and may be also to the overexpression of the anti-
apoptotic molecules Mcl-1 and Bcl-xi on the outer membrane of mitochondria as we showed
(Varin, 2010). High concentrations of 3-BrPA or citrate were able to kill these cells by
necrosis, which would occur when ATP depletion would be severe beyond a threshold
(Leist, 1997; Lelli, 1998). Interestingly, we showed however that these NCI-H28 cells can
undergo apoptosis, if both anti-apoptotic molecules Mcl-1 or Bcl-x;. are inhibited by specific
siRNA. In that case, a small dose of cisplatin becomes efficient (Varin, 2010). Of particular
interest also to overcome chemoresistance, should be the association of agents like 3-BrPA or
citrate to cisplatin, as we observed either in vitro or in vivo studies (Zhang, 2009a, 2009b).

In contrast to NCI-211H, we may reasonably suppose that cells like MSTO-211H could be
located in the well oxygenated peripheral part of tumors, where they proliferate rapidly.
The sole inhibition of glycolysis by 3-BrPA or citrate 10 mM did not lead to complete
destruction of cells, but only a slowdown or an arrest of the proliferation. This could be due
to their functional mitochondrial respiration with an OXPHOS providing the most part of
ATP. Therefore, the sole glycolysis inhibition is not sufficient to arrest the ATP production
and to cell death. In such type of cells, 3-BrPA or citrate should be used primarily to
sensitize cells to chemotherapy, as we observed in vitro and in vivo (Zhang, 2009a, 2009b).
Our study confirms the anti-cancer action of 3-BrPA already reported (Geschwind, 2004; Ko,
2004), this molecule being able to sensitive cells to cisplatin (Ihrlund, 2008).

It should be tempting to inhibit concomitantly with glycolysis, glutaminolysis but also -
oxidation (Hatzivassiliou, 2005; Paumen, 1997; Wang, 2010).

The mechanisms of action of 3-BrPA and citrate remain largely hypothetical:

- 3-BrPA might inhibit glycolysis by interfering with all reactions involving pyruvate
such LDH, PC, or PDH, and such inhibitions eventually lead to a blockage or a
slowdown of the metabolism (pyruvate is at the crossroad of various metabolic
pathways), resulting in a loss of ATP inside the cell and or in a blockage of molecules
required for the proliferation. Furthermore 3-BrPA would also inhibit HK II resulting in
apoptosis, because HK II is linked to the apoptotic pathway (Danial, 2003; Geschwind,
2004; Ko, 2004; Pastorino, 2008; Pedersen, 2002; Xu, 2005). HK II is located on the outer
membrane of mitochondria, where glucose is converted in glucose 6-phosphate. HK II
is associated with the VDAC (voltage dependent anion channel), and would be part of
the PTP (permeability transitory pore) (Danial, 2003; Pastorino, 2008). The inhibition of
HK II by 3-BrPA would lead to the release of HKII from the outer membrane, and
would lead to the removal of the anti-apoptotic Bcl-2 proteins inhibition, leading to the
channel opening and release of cytochrome c, activating caspases (Burz, 2009; Green,
2004; Yip, 2008). Moreover, 3-BrPA might also increase the production of ROS, toxic for
the cell (Ihrlund, 2008). Recently, it has been shown that the main of action of 3-BrPA
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should be an alkylation of the GAPDH (Glyceraldehyde 3-phosphate dehydrogenase)
(Ganapathy-Kanniappan, 2010).

- Citrate is a powerful indicator of energy production, which inhibits PFK1, the key
enzyme regulating the entrance of glycolysis. This inhibition leads to an accumulation
of glucose-6-phosphate upstream, which will inhibit HK II, by negative feedback,
leading to apoptosis through the mechanism aforementioned (Danial, 2003; Pastorino,
2008; Pedersen, 2002). Citrate inhibits also PKF2 (Chesney, 2006), the powerful allosteric
activator enzyme system of PFK1 (Campbell & Smith, 2000; Lehninger 1975; Stryer,
1981; Yalcin, 2009). PKF2 produces fructose 2-6 bisphosphate (F2,6P), which
physiologically may override the inhibition of PFK1 by ATP when glucose is abundant.
This is the case in cancer cells, due to the activation of membrane glucose transporters
(GLUT1 and GLUT3) and of HK II, by HIF-1a, myc, ras activations and loss of p53
(Bellance, 2009; Feron, 2009; Griining, 2010; Isra&l, 2004, 2005; Kim, 2006; Kroemer &
Pouyssegur, 2008; Marin-Hernandez, 2009; Olovnikov, 2009; Vander Heiden, 2009).
F2,6P is considered as a key intracellular signal in cancer cells (Yalcin, 2009), enhancing
glycolysis by activating PFK1, while inhibiting gluconeogenesis by inactivating
fructosel,6-bisphosphatase (3-5). Therefore, citrate inhibits PKF2 and counteracts its
effects on PFKI1.

- Citrate also inhibits pyruvate kinase (PK), at least indirectly, because it decreases the
powerful activation exerted by fructose 1-6 bisphosphate on PK, which in normal cells,
allows an immediate adjustment of the activities of PFK and PK, thus closely adjusting
flux at the entrance and at the exit of glycolysis (Campbell & Smith, 2000; Lehninger
1975; Stryer, 1981). Citrate regulates and adjusts also the flux of the tricarboxylic acids
cycle (TCA cycle): it inhibits PDH (Taylor, 1973), the complex enzyme which produces
acetyl-CoA from pyruvate, a step that allows the final product of glycolysis, to enter in
the TCA cycle. Citrate inhibits at the end of the cycle, succinate dehydrogenase (SDH)
(Hillar, 1975), which converts succinate to fumarate. SDH is part of complex II, located
in the inner membrane, and is the sole enzyme that participates in both the TCA cycle
and OXPHOS. Through SDH inhibition, citrate would reduce ATP production by
OXPHOS.

Citrate stimulates fatty acid synthesis by providing acetyl-CoA which is required in
abundance for this synthesis whereas it is an allosteric activator of the cytoplasmic Acetyl-
Co Carboxylase (ACC), the main enzyme of this pathway consuming great amounts of ATP,
and NADPH,H* (Campbell & Smith, 2000; Lehninger 1975; Stryer, 1981). At the same time,
citrate inhibits indirectly p-oxidation, because the first product of ACC, malonyl CoA,
inhibits the carnitine acyl transferase I (CPTI), located on the outer mitochondrial membrane
(Campbell & Smith, 2000; Lehninger 1975; Stryer, 1981).

Finally, the level of citrate is a main indicator of the energy inside cells, enabling cells to
adjust their metabolism to their reserve and requirement. By regulating enzymes located at
strategic places of the biochemical pathways, this molecule allows a close adjustment of the
fluxes of glycolysis and of the TCA cycle. When the production of ATP is sufficient, citrate
inhibits the ATP-producing catabolic pathways, blocking the catabolic pathways at their
entrances (glycolysis, [P-oxidation), whereas it stimulates biosynthetic pathways
(neoglucogenesis and lipid synthesis). Consequently, if citrate is administered in excess to
cancer cells that require a high production of ATP for their biosynthesis, it would fool the
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cell's energy level inside cells. While it would block all ATP-producing pathways, it would
activate at the same time biosynthetic pathways consuming ATP, a situation that would
quickly lead to a severe depletion of ATP, NADH,H* and NADPH,H*, inside cells.

4.1 Other actions of citrate

The mechanism of action of citrate is not unique. In addition to the widely accepted
biochemical effects of citrate (inhibition of PFK, activation of fructosel,6-bisphosphatase and
of ACC) (Campbell & Smith, 2000; Lehninger 1975; Stryer, 1981), this molecule might have
other actions, either on histone acetylation or on calcium homeostasis inside cells, that
should have anti-cancer properties: - it could exert an action on the nuclear histone
acetyltransferases (HATSs), which use acetyl-CoA to acelytate the histones (Wellen, 2009).
Indeed, citrate provides acetyl for HATs, after it is transformed by the ATP-citrate lyase
(ACLY) in acetyl-CoA and OAA. Knowing that histone deacetylation plays a key role in the
re-expression of genes (especially embryonic) and or in expression of oncogenes (Israél,
2004, 2005), citrate would favor the re-acetylation of histones, and might have an anticancer
activity similar to that of the inhibitors of histone deacetylation (Mutze, 2010).

Citrate led also to an early inhibition of the antiapoptotic protein Mcl-1, which plays a key
role with the protein Bcl- xL in chemoresistance of cancers (Burz, 2009; Warr, 2008; Willis,
2005; Yip, 2008), especially of mesothelioma cancers (Varin, 2010). Citrate could be usefully
associated with Bcl-xL inhibitors, since inhibition of these two key anti-apoptotic protein is
necessary to obtain a strong cytotoxic effect, as we showed for mesothelioma (Varin, 2010).

Interestingly, addition of citrate to Bcl-xi-expressing cells leads to increase protein N-alpha-
acetylation and sensitization of these cells to apoptosis(Yi, 2011). It has been suggested that
cytosolic acetyl-CoA might influence the apoptotic threshold in multiple oncogenic contexts.
In turn, Bel-x would be able to control the levels of acetyl-CoA and protein-N-acetylation,
this providing a clear example of a linkage between metabolism and apoptotic sensitivity.

Knowing that, there are few or any available specific inhibitors of Mcl-1 (Warr, 2008),
whereas inhibitors of Bcl-x;, are currently under clinical evaluation (as BH3 mimetic
compounds such antimycin A3 or the inhibitor of LDH, gossypol), this anti-Mcl-1 action of
citrate reinforces the interest of this agent.

Citrate is also a known well known chelating agent of Ca2*. Because it might reduce the pool
of ATP required by Ca2?* ATPases, this inhibition might reduce or suppress the cell’s ability
to do work by increasing the cytosolic concentration of Ca?*. When the increase of this
concentration is beyond a threefold, it might lead to necrosis or to apoptosis in relation with
calcium-dependent concentration. By diminishing also Mcl-1 at the outer membrane, which
inhibits mitochondrial Ca2* elevation, citrate would favor also mitochondrial apoptosis
(Bergner, 2008).

4.2 Are 3-BrPA and citrate toxic?

3-BrPA should be not toxic for normal cells (Ihrlund, 2008), and none toxicity has been
observed in animals in vivo studies reporting its anti-cancer action (Geschwind, 2004; Ko,
2004). To our knowledge, clinical studies should be currently performed at the John
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Hopkins Hospital in Baltimore, to evaluate the beneficial effect of 3-BrPA in the treatment of
human hepatocarcinoma.

Citrate is a physiological product, which does not seem toxic, except at very high dosages.
Neither experimental studies nor literature data have reported toxicity, except the
occurrence of hypocalcemia after massive blood transfusion (Diaz, 1994), which was
reversed by intravenous infusion of calcium (Vagianos, 1990). No accidental ingestion of
high doses of citrate has been reported to our knowledge. The LD 50 of 4 g per kg after ip
injection we observed in mice was consistent with data reported in the literature, ie 4 g per
kg for mice and 6 to 11 g per kg for rats (see, citric acid in International Chemical Safety
Cards : ICSC 0704). We observed signs of clinical acute toxicity at doses > 500 mg / kg, with
convulsions occurring within 3 to 8 minutes after the injection, which were reversed by ip
calcium chloride injection at equimolar dose. Then, all animals survived. Therefore lethality
and clinical signs observed in animals receiving lethal doses of citrate where interpreted as
indirect evidence of severe hypocalcemia. Reversions of convulsions and of heart failure
have been reported in animals treated with intra-vascular administration of calcium
(Vagianos, 1990). Hypocalcemia after administration of citrate has also been documented
after massive blood transfusions associated with liver failure following transplantation, the
liver being responsible of the metabolism of citrate. In such cases the administration of
calcium chloride restored normal calcium baseline levels and suppressed the cardiovascular
toxicity that was related to this hypocalcemia (Vagianos, 1990). We did not find any sign of
chronic toxicity in organs with the protocol we tested (ip doses ranged up to 500 mg per kg,
administered either by peritoneal injections or by oral gavages for several weeks. By
extrapolating, the daily dose in an adult male weighing 70 kg should be 28 g, a dose that
could be administered through a peritoneal or pleural catheter.

Because citrate is a physiological molecule, it is likely there exist a range of elevated doses,
where citrate might become cytostatic or toxic for proliferating cancer cells (as in our studies
in vitro), without it would have no significant side effects for normal cells, which are most
often in a quite steady state, and do not require an intense production of ATP for sustaining
enhanced metabolism. Interestingly, an author has recently reported that a patient with
primary peritoneal mesothelioma was improved after taking citric acid orally at a daily dose
up to 45 gr per day (Halabé Bucay, 2011). However, because, as we have shown (Zhang,
2009a), there are clones of cells that can be only totally destroyed by the combination of
citrate and cisplatin, we think future studies should focused more on testing citrate as a
sensitizer of current chemotherapy.

Finally, association of these antiglycolytic agents with chemotherapy should be particularly
considered for treating patients suffering advanced cancer disease, such as pleural or
peritoneal carcinomatosis.

5. Conclusions

In conclusion, the understanding of the biochemical pathways involved in cancer cells helps
to propose models of the reprogramming of the cell’s metabolism and to imagine new
strategies for counteracting cancer development. It can be easily understood that cancer cell
death could be induced, at least experimentally, by molecules blocking glycolysis,
glutaminolysis, the malate shuttle, p-oxidation, or by stimulating PDH. Because key
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regulator enzymes are generally located at the entrance of the metabolic pathways,
strategies for blocking or activating such enzymes should be particularly investigated such
as we showed using citrate, and combined together in “pluritherapies”, since cancer cells
may find new routes for escape any blockage. Citrate and 3-BrPA should be considered for
clinical studies, and association of these agents with cisplatin should be tested as local
therapy particularly in patients suffering pleural or peritoneal carcinomatosis.
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