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ABSTRACT 
Malignant mesothelioma is a tumour of the mesothelium, a specialized tissue found in the 
pleura, pericardium, peritoneum, and tunica vaginalis testis. The tumour has strong 
etiological links to asbestos, with a latency period ranging up to several decades between 
asbestos exposure and tumour diagnosis. Treatment is mostly ineffective and the median 
survival is around 12 months. 
 
The tumour exhibits an interesting and peculiar heterogeneity; tumour cells may assume 
either an epithelioid or a sarcomatoid phenotype. Presence of the sarcomatoid phenotype 
is a predictor for therapy resistance and a worse prognosis. 
 
In this work, we have investigated the anticancer effects of selenite, a small ion formed by 
the oxidation of selenium. We show that selenite can induce cell death and apoptosis in 
malignant mesothelioma cells.  The specific signalling pathways have been delineated. 
Furthermore, we have shown that selenite sensitizes mesothelioma cells to NK-cell 
mediated recognition and killing. 
 
Specifically, we have shown that selenite exerts its anticancer effects in cells of both 
phenotypes through the induction of oxidative stress. Apoptosis is induced through  
the mitochondrial pathway. Differences in the activation pattern of Bcl-family proteins 
could be observed between cells of the two phenotypes. Interestingly, p53 protein was 
enriched in the nuclei of selenite-treated cells, but in a form bereft of its DNA-binding 
ability. We hypothesise that this is explained by redox inactivation due to the prooxidant 
effects of selenite. Perturbation of the apoptosis signalling network by inhibition of key 
mediators had very little effect, suggesting that the network is robust through functional 
redundancy. 
 
A systematic testing of selenite in a panel of six cell lines of varying differentiation alone 
and together with conventional drugs showed that the cells were resistant in general, but 
all cell lines were sensitive to at least one of the tested drugs. Synergistic effects between 
selenite and other drugs were limited. Phenotype was a poor predictor of response. These 
results highlight the need for improved personalisation of mesothelioma treatment. 
 
In the last sub-project, we have showed that selenite sensitizes mesothelioma cells to NK-
cell mediated killing. A search for alterations in NK-cell receptor ligand expression 
revealed that the inhibitory ligand HLA-E was down-regulated on tumour cells in 
response to selenite. Further analyses showed that the mRNA expression for HLA-E 
remained constant during selenite treatment, while the intracellular and surface protein 
levels decreased, and that increased recognition by NK cells was dependent on HLA-E 
downregulation rather that on modulation of other NK cell ligands.  
 
These results indicate that selenite is a potential new drug against malignant 
mesothelioma. Further trials are warranted to determine the safety and efficacy of selenite 
in a clinical setting. 



 

POPULÄRVETENSKAPLIG SAMMANFATTNING 
Malignt mesoteliom är en ovanlig tumör som orsakas av asbest. Den uppstår oftast i 
lungsäcken, men kan också förekomma i bukhålan och hjärtsäcken. Trots att 
skadeverkningarna av asbest har varit kända sedan 1960-talet har antalet nyupptäckta 
mesoteliomfall per år inte börjat minska. Detta beror främst på att det kan gå 3-4 
decennier mellan exponering och diagnos. Malignt mesoteliom är svårt att diagnostisera 
och mycket svårt att behandla. Medianöverlevnadstiden från diagnos är ungefär ett år, 
och runt 10% av drabbade är vid liv fem år från diagnostillfället. Dessa tal har inte 
förbättrats nämnvärt under de senaste tjugo åren. 
 
Detta arbete handlar huvudsakligen om ett experimentellt läkemedel: selenit. Effekten av 
selenit har undersökts på tumörceller i odling. Vi visar att selenit orsakar programmerad 
celldöd, s.k. apoptos, i mesoteliomceller. Vi visar också att mesoteliomceller är känsligare 
för selenit än normala celler från lungsäcken, som inte är tumöromvandlade. Selenitens 
effekt beror på att den orsakar oxidativ stress, dvs produktion av reaktiva syremolekyler 
som reagerar med cellens olika beståndsdelar så att dessa förlorar sin normala fuktion. 
 
Närmare undersökningar av hur selenit orsakar apoptos har bland annat visat att selenit 
leder till produktion av proteinet p53, som har kallats ”celldödens dirigent”, och att p53 
förflyttas till cellkärnan, där det normalt styr uttrycket av en mängd gener. Dock ansamlas 
p53 i cellkärnan i en inaktiv form, som saknar förmåga att styra celldödsprocessen. Vi har 
föreslagit förklaringen att det är den oxidativa stress som följer av selenitbehandling som 
leder till inaktiveringen av p53. 
 
Jämförelser mellan selenit och konventionella cytostatika visar att selenit är mera effektivt 
i koncentrationer som teoretiskt skulle kunna ges till patienter. Sex olika 
mesoteliomcellinjer ingick i dessa försök. Samtliga var generellt högt motståndskraftiga 
mot cytostatika, men samtidigt visade alla sex känslighet för något eller några av de 
testade läkemedlen, dock sällan samma. Dessa resultat tyder på att ökad 
individanpassning av läkemedelsbehandling vid mesoteliom kan leda till bättre 
behandlingseffekt. 
 
Vidare har vi undersökt hur selenit påverkar immunförsvarets igenkänning av 
tumörceller, och i synnerhet den s.k. NK-cellen, som är den komponent av 
immunförsvaret som framför allt har till uppgift att upptäcka och döda celler som är 
skadliga för organismen till följd av tumöromvandling eller virusinfektion.  Selenit ökar 
igenkänningen av mesoteliomceller, och vi har också kunnat visa att detta beror på en 
minskning av molekylen HLA-E på tumörcellens yta, vilken i vanliga fall hämmar NK-
cellsaktivering. 
 
Dessa fynd talar sammantaget för att selenit skulle kunna användas som ett nytt 
läkemedel mot malignt mesoteliom. Ytterligare studier krävs för att utvärdera säkerheten 
och den eventuella behandlingseffekten hos patienter. 
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1 BACKGROUND 
1.1 BIOLOGY OF THE PLEURA AND MESOTHELIUM 

1.1.1 Structure and function of the mesothelium 

The mesothelium is the specialized lining of the serious cavities, comprising the pleura, 
peritoneum, pericardium, and tunica vaginalis testis. Several functions have been 
ascribed to the mesothelium [1]: 

1. To facilitate movement with a minimum of friction against the visceral organs 
that are covered by the mesothelium 

2. To regulate transport of proteins across the serosal surfaces 
3. To regulate inflammatory and regenerative processes including the migration of 

inflammatory cells and the lysis of fibrin depositions 
 
Histologically, the mesothelium has a surface layer of flattened epithelioid cells 
arranged in a single layer with polygonal shape and numerous microvilli found on the 
apical side. Beneath a thin basement membrane, there are fibroblast-like submesothelial 
cells with a spindle-shaped morphology. 
 
To facilitate frictionless movement, the mesothelial cells are coated with 
glycosaminoglycans, particularly hyaluronan [2]. These molecules bind water and give 
the surface a slithery quality [3, 4]. The hyaluronan also inhibits inappropriate adhesion 
of cells to the mesothelial surface, thereby counteracting metastatic tumour 
implantation [5, 6]. 
 
Mesothelial cells often have micropinocytic vesicles, which are involved in transport of 
fluid and solutes across the serosal membrane [7-9]. Experimental work has shown that 
particles up to 100 nm size can be transported across the mesothelium in this manner 
[10-12]. There are also stomata ranging up to about 12 μm diameter in the mesothelial 
surface, first described by von Recklinghausen in 1863 [13], feeding into the lymphatic 
network. These stomata thus provide a means for clearance of excess fluid as well as 
transport of macromolecules and migrating cells from the serosal cavities [14-17]. 
 
In injury and regeneration, mesothelial cells are capable of secreting a number of 
cytokines, chemokines, and growth factors, including interleukins 1, 6, and 8, 
transforming growth factor-β (TGF-β), platelet derived growth factor (PDGF), 
fibroblast growth factor (FGF), and vascular endothelial growth factor (VEGF) [18-26]. 
Some evidence indicates that mesothelial cells may perform functions of the innate 
immune response, such as phagocytosing bacteria, attracting and activating circulating 
neutrophils and monocytes, and presenting antigens [22, 27-29]. 
 
1.1.2 Epithelial-mesenchymal transdifferentiation 

The histological classification of the mesothelium has been debated over the years. The 
mesothelium is derived from the embryonic mesoderm, and therefore a histogenetic 
classification will define it as a connective tissue. Following this traditional 
classification, malignant mesothelioma is usually defined as a sarcoma [30]. A more 
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functional classification based on the histomorphological characteristics of the tissue 
will, on the other hand, tend to group the mesothelium among the true epithelia. In 
modern histology, a classification based on the expression of surface adhesion 
molecules is often employed. Within this approach, cells expressing E-cadherin are 
considered epithelial, whereas cells expressing N-cadherin are considered mesenchymal 
[31]. Mesothelial cells are able to express both, although N-cadherin is predominant 
[32]. 
 
There is by now a wealth of data supporting the notion that mesothelial cells are 
capable of transdifferentiating along an epithelial-mesenchymal axis. The first such 
evidence was obtained from early studies of mesothelial regeneration. Clarke (1915) 
observed the formation of mesothelium around a foreign body of celloidin implanted 
subcutaneously in the abdomen of a dog, thus suggesting that mesothelium may form 
through other processes than the division of fully differentiated surface mesothelial cells 
[33]. Clarke’s identification of the tissue as mesothelium was, however, based only on 
microscopic examination including silver staining and we cannot be certain that the 
tissue he observed was really mesothelium. Nevertheless, this study paved the way for 
others. Lewis (1923) observed transdifferentiation of mesothelial cells in chick embryo 
heart tissue cultures, both from an epithelioid to a multipolar phenotype with spiky 
filopodia, and in the reverse direction [34].  
 
Maximow (1927) observed rabbit peritoneal tissue preparations after the induction of 
injury, and noted: “Die Mesothelzellen können sich sofort zu regelrechten, mit 
Ausläufern versehenen Fibroblasten entwickeln,” meaning that the surface mesothelial 
cells in his cultures had the capacity to differentiate into a fibroblast-like morphology 
[35]. Stout and Murray (1942) report a case of malignant mesothelioma where tumour 
cells were investigated by tissue culture, and were found to transdifferentiate from an 
epithelioid to a sarcomatoid phenotype in vitro1 [36].  
 
After the advent of electron microscopy, Raftery (1973) studied mesothelial 
regeneration and was able to show that fibroblast-like mesothelial cells underlying a 
wounded area of mesothelium proliferate, migrate, and transdifferentiate into surface 
mesothelial cells to restore the mesothelial surface [37, 38]. Bolen et al. [39] studied 
mesothelial tissue from a series of cases of mesothelial injury and metastatic cancer, and 
found that the fibroblast-like mesothelial cells express high levels of vimentin, a 
cytoskeletal protein characteristic for mesenchymal cells, in their resting state, but begin 
to express cytokeratins, characteristic for epithelial cells, in response to injury, while 
vimentin expression is lost. 
 
Wound healing on the serosal surface occurs not only by cell proliferation and 
migration from the edges of the wound (as is usual in epithelia), but also through the 

 
1 The authors argue, partly based on this differentiation potentiality, that the tumour was in fact a 
malignant mesothelioma. The entity of malignant mesothelioma was controversial at the time, and the 
head pathologist at the authors’ department, Dr A. M. Pappenheimer, objected so strongly to this 
interpretation that the paper was retracted and then, when eventually re-published, carried an appendix 
where Dr Pappenheimer argues that the tumour was a leiomyosarcoma. He may of course have been 
correct; modern diagnostic methods would have settled the issue.  
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recruitment of distant mesothelial cells, which detach into the serosal fluid, move to the 
site of the injury and settle there [40]. During this process, the mesothelial cells assume 
a more mesenchymal phenotype with the upregulation of α2 integrin, downregulation 
of cytokeratins and E-cadherin, and concomitant changes in morphology [41, 42]. This 
process is driven by microenvironmental cues from macrophages that aggregate around 
the site of injury and secrete factors such as FGF-2, TNF-α, and PDGF [43, 44]. There is 
also, as already mentioned, evidence that the subserosal fibroblast-like cells contribute 
to wound healing through migration, proliferation, and epithelial transdifferentiation 
[37, 39]. The relative importance of this mechanism has been questioned [45], but its 
occurrence is not disputed.  
 
Interestingly, detachment and reimplantation of mesothelial cells is also the mechanism 
of formation for the visceral pericardium during embryogenesis. The parietal 
pericardium buds off cell clusters into the pericardial fluid, and these cells colonise the 
outer surface of the heart until the pericardium is continuous [46]. 
 
Thus, the mesothelial cell moves on a continuum of differentiation between a classical 
epithelial and a classical mesenchymal phenotype. It may be said to instantiate both 
epithelial-to-mesenchymal transition and mesenchymal-to-epithelial transition under 
physiological conditions. For this reason, mesothelial cells and malignant mesothelioma 
cells are referred to in this work as “epithelioid” and “sarcomatoid” rather than 
“epithelial” and “sarcomatous.” 
 
1.1.3 Do we need the pleural cavity? 

The pleural cavity is the site of numerous illnesses. Apart from malignant 
mesothelioma, which is uncommon, the pleural cavity can be afflicted by 
pneumothorax, infections, effusions of lymph and blood, and autoimmune 
inflammation. Patients in whom the pleural cavity has been obliterated usually retain 
adequate pulmonary function. This has led some investigators to question whether the 
pleura is useful to us, or, in terms of evolutionary biology, whether its presence offers a 
fitness advantage. 
 
As the pleura consists of soft tissue, the fossil record can tell us nothing about its 
evolution. Studies in comparative anatomy have hitherto found only one mammal that 
lacks pleural cavities, namely the elephant [47]. In elephants, pleural cavities are formed 
early in embryogenesis [48], but are later in gestation replaced by elastic connective 
tissue [49]. West (2001) has convincingly argued that this is likely a functional 
adaptation to the high pressure gradients that occur when elephants snorkel 
underwater, using their trunks to breathe [50, 51]. In these situations, the arterial blood 
pressure must exceed the water pressure to allow tissue perfusion, while the pleural 
cavities must maintain a negative pressure at inspiration. Therefore, small blood vessels 
in the pleura would be at risk of profuse transudation or even rupture. 
 
The fitness advantage resulting from the existence of the pleural cavity is probably due 
to the improved ventilation of the lung. Thanks to the pleural cavity, the lung can 
expand efficiently to fill the pleural space, regardless whether the expansion is caused by 
movement of the ribs or the diaphragm. If one part of the lung should become 
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consolidated or atelectatic, other parts of the lung can compensate by increasing their 
ventilation without the necessity for any alteration of breathing dynamics.  
 
The ubiquitous presence of the pleural cavities among mammals except the elephants 
suggests that they, on balance, do not carry any strong fitness penalty. 
 
1.2 MALIGNANT MESOTHELIOMA 

1.2.1 Etiology and epidemiology 

The history of the mesothelioma epidemic is the history of the world’s greatest 
industrial-injury incident – one which still goes on to this day. Malignant mesothelioma 
is caused by exposure to asbestos, a fibrous mineral that has been used for thousands of 
years due to its heat-resistant properties. The oldest archaeological finds of asbestos are 
from Nordic countries, where asbestos pottery was used already around 4000 BC [52]. 
In antiquity, asbestos was well known, and used for lamp-wicks, tablecloths, cremation 
shrouds, and other purposes. Records of investigations into the properties of asbestos 
have been left by scientists in the first century AD such as Pedanius Dioscorides and 
Pliny the elder [53, 54].  
 
Industrial use of asbestos on a greater scale began in the second half of the 19th century, 
as development of the steam engine caused an increased demand for asbestos as an 
insulation material [55]. Thereafter, asbestos production increased until the 1970’s, and 
the material found use in many applications; buildings, ships, brake linings, protective 
clothing, gaskets, and much else. 
 
Asbestos exists in six different fiber types: chrysotile, actinolite, tremolite, anthophyllite, 
amosite, and crocidolite. Chrysotile (white asbestos) is classified as a serpentine fiber 
type, while the other five are amphibole fiber types. Crocidolite is also known as “blue 
asbestos” and is the most carcinogenic. This fiber type has only been industrially mined 
in Australia (Wittenoom), and in South Africa [56]. Amosite is known as “brown 
asbestos” and derives its name from “Asbestos Minerals of South Africa”.  
 
Asbestos exposure has varied greatly between geographic locations, and present 
incidence rates of malignant mesothelioma correspond to historic exposure. Areas of 
high incidence are found around industries involved in extraction and processing of 
asbestos. Examples include asbestos mines, shipyards, and insulation manufacturers. 
 
In Central Anatolia in Turkey, there is an area where an asbestos-like mineral called 
erionite is prevalent in the topsoil. This environmental exposure, starting at an early 
age, leads to an extremely high local mesothelioma incidence – as much as 30% of the 
population may expect to develop mesothelioma during the course of their lives [57, 
58].  
 
Malignant mesothelioma was recognised by some as a tumour entity already in the 
early 1900’s [59]. Others, however, argued that the rare cases observed could well have 
other histogenetic origins. Only with the discovery in 1960 of the strong etiological link 
between asbestos and mesothelioma was the diagnosis finally accepted [60, 61]. 
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The risk of mesothelioma is mainly influenced by exposure to asbestos, in a dose-
dependent relationship [62]. The main risk groups are workers in asbestos mining and 
processing, shipyards, and construction, and their families through secondary exposure 
[52]. Interestingly, almost no other risk factors due to exposure have been found to be 
important – not even smoking [63]. A causative role for Simian Virus 40 (SV40) has 
previously been suggested based on the detection of viral DNA in tumour tissue 
samples and of viral protein by immunohistochemistry [64, 65].  However, later work 
has cast doubts on this hypothesis, because many case series from outside the United 
States have been uniformly negative or shown SV40 prevalence rates consistent with 
expected rates in the general population [66-70]. 
 
The incidence of malignant mesothelioma depends heavily on the diagnostic methods 
used, as many mesotheliomas can only with difficulty be differentiated from 
adenocarcinomas metastatic to the pleura with conventional histopathology [71]. 
Figure 1 shows the incidence of malignant mesothelioma in Sweden from 1970 to 2006, 
as reported to the National Cancer Registry. Much of the increase between 1970 and 
1990 is due to increased accuracy of diagnosis. The figure also illustrates that the 
incidence is considerably higher for men than for women, a relationship that is 
determined by the occupational exposure to asbestos in professions dominated by men. 
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Figure 1. Incidence of mesothelioma in Sweden 1970-2005. Data from the Swedish National Cancer Registry. 
 

Although crocidolite is no longer mined, the production of chrysotile asbestos is larger 
than ever, taking place mainly in Russia, Canada, China, and Kazakhstan [72, 73]. The 
primary markets are China, India, Brazil, Russia, Thailand, and Japan, where an 
increase in malignant mesothelioma may consequently be anticipated over the coming 
decades. The World Health Organisation estimates that 5-10 million people will die 
from asbestos-related disease, including mesothelioma, lung cancer, and asbestosis [72]. 
 
1.2.2 Pathogenesis 

The mechanism by which asbestos induces malignant mesothelioma has not been fully 
elucidated. Asbestos was thought for a long time to be biologically inert, and its 
carcinogenic effects were therefore difficult to explain. One proposed mechanism was 
entirely biomechanical: it was suggested that the spiky end of an asbestos fiber might 
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interfere with the microtubules of the mitotic spindle apparatus, leading to 
chromosomal imbalances in the daughter cells [74]. 
 
It is now known that asbestos fibers cause oxidative stress in the tissue where they are 
embedded, due to the catalysis of free radicals by iron in the fibers [75, 76]. This stress is 
likely to cause a permanent process of tissue injury and regeneration. Indeed, asbestos-
induced pleuritis can be seen in patients with heavy asbestos exposure, and is 
considered by some to represent a pre-malignant stage of asbestos disease [77, 78]. 
Mesothelial cells and macrophages exposed to asbestos during in vitro culture secrete 
considerable amounts of growth factors, such as TNF-α, TGF-β, and PDGF, indicating 
a regenerative response to tissue injury [79]. 
 
The so-called “overhealing wound” hypothesis is an old explanatory model for 
carcinogenesis [80]. In wound healing, a local signalling environment is formed that 
strongly promotes proliferation, invasion and differentiation, through the secretion of 
specific growth factors including members of the epidermal growth factor (EGF), 
fibroblast growth factor (FGF) and hepatocyte growth factor (HGF) families [80]. Local 
stromal cells such as myofibroblasts and macrophages are important effector cells in 
this signalling, and their activity has many similarities in wound healing and cancer 
[80]. A particularly interesting observation in this context is the tropism of many 
mesotheliomas towards injured areas. In particular, implantation metastases may often 
be observed in wound canals from thoracocentesis or thoracoscopy [81]. 
 
Many malignant mesotheliomas share certain cytogenetic changes. Deletions of the 
short arms of chromosomes 1, 3, and 9, and the long arms of chromosome 6 and 22, are 
common [82, 83]. Polyploidy is not very common. In a recent case series, 21 out of 22 
mesotheliomas had 40-55 chromosomes, and one had 92 [84]. 
 
Specific genetic changes often found in mesotheliomas include the inactivation of the 
tumour suppressor genes INK4a, encoding the p16 protein, and NF2 [83, 85-87]. p53 is 
seldom mutated [88-90], but may often be inactivated instead through the inactivation 
of INK4a, as this gene also encodes the p19 protein, which inhibits the negative 
regulator of p53 MDM2 (murine double minute homologue-2) [91]. Tyrosine kinase 
receptors including the epidermal growth factor receptor (EGFR) and c-Met are often 
epigenetically upregulated in mesothelioma, contributing to a proliferative drive [92, 
93].  
 
Mesothelioma cells have a marked apoptosis resistance [94]. This trait has been linked 
to the above-mentioned INK4a deletion, as well as high expression of the antiapoptotic 
Bcl-2 family members Bcl-XL and MCL1 [95], and of IAP family proteins such as XIAP, 
IAP1, survivin and livin [96-99]. 
 
Tumours are in general heterogeneous, as is expected from the model of 
tumourigenesis as an evolutionary process. According to this model, more or less 
random changes to the genetic and epigenetic regulation of the tumour cells will cause 
variation within the tumour. Cells that happen to acquire a more malignant phenotype 
will then have a fitness advantage and outcompete the less malignant cells, leading to 
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tumour progression. The fitness advantage may lie in any of the areas defined as 
hallmarks of cancer: proliferative drive, apoptosis resistance, limitless replicative 
potential, etc [100]. 
 
In malignant mesothelioma, a peculiar pattern of heterogeneity can be seen where the 
tumour cells can assume either an epithelioid or a sarcomatoid morphology and tissue 
organisation. As mentioned above, transdifferentiation on the epithelial-mesenchymal 
axis is a capacity of the normal mesothelium. This heterogeneity is functionally 
significant in mesotheliomas, as the presence of sarcomatoid cells is a strong predictor 
for worse prognosis and therapy resistance (see section 1.2.5).  
 
Comparisons of the biology of epithelioid and sarcomatoid mesothelioma cells have 
been made with several methods. Gene expression analysis using Affymetrix chips 
robustly classifies epithelioid and sarcomatoid tissue samples using unsupervised 
hierarchical clustering [101], indicating that the differences between the cell types are 
not just morphological, but reflect a pervasive difference in cell function. 
 
Most probably, mesothelioma cells retain the capacity of their benign counterparts to 
transdifferentiate on the epithelial-mesenchymal axis, in response to signalling from the 
microenvironment. Such transdifferentiation can be seen in mesothelioma cells ex vivo 
as well as in established cell lines (see section 1.1.2). The epithelioid STAV AB and the 
sarcomatoid STAV FCS mesothelioma cell lines have been used to establish xenograft 
tumours in SCID mice, and a thorough characterisation revealed that both cell lines 
transdifferentiated into a similar intermediate phenotype (Dárai-Ramqvist et al, 
unpublished). 
 
1.2.3 Diagnosis 

Patients with malignant pleural mesothelioma typically present with dyspnea as the 
main symptom. This is usually caused by a pleural effusion, which may require 
drainage. Radiological examination using computed tomography (CT) often reveals the 
presence of a tumour, while the diagnosis in general and the differential diagnosis 
between malignant mesothelioma and other malignancies in particular must be 
obtained from histopathological and cytological analyses. 
 
The pleural fluid is in many cases the first material to be examined, as thoracocentesis is 
often performed for symptom relief. In many cases biopsies are also analysed, often 
taken by means of thoracoscopy. In cytology, signs of malignant mesothelioma include 
cell clustering in papillary structures, nuclear pleomorphism, nuclear hyperchromasia, 
and multinuclearity [71, 102]. In many cases it is however difficult to distinguish 
between mesothelioma cells and reactive mesothelial cells, which during inflammation 
undergo morphological changes described in section 1.1. 
 
In histopathology, epithelioid mesotheliomas appear as atypical epithelioid cells 
arranged in tubules, acini, papillae, or sheets. A relatively wide range of differentiation 
can be observed among the epithelioid cells with different morphologies, including 
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small cuboidal, large columnar, macrophage-like, and anaplastic phenotypes. 
Sarcomatoid mesotheliomas show a dense, spindled pattern with fibroblast-like cells in 
a variable amount of collagenous or myxoid stroma [71]. 
 
Adjuvant technologies have in the past decades led to a markedly increased diagnostic 
accuracy. Immunohistochemical stainings for markers such as calretinin, mesothelin, 
WT-1, HBME-1, D2-40, epithelial membrane antigen (EMA), high molecular weight 
cytokeratin (CK-HMW), and vimentin can demonstrate the mesothelial origin of 
tumor cells (depending on staining pattern), whereas differentiation between 
mesothelioma and adenocarcinoma is aided by epithelial markers such as BerEp4, 
sialosyl T, carcinoembryonic antigen (CEA), and TTF-1 [103]. In electron microscopy, 
a finding of desmosomes, neolumina, numerous slender microvilli without rootlets, 
and absence of glycocalyx is pathognomonic for malignant mesothelioma. These 
adjuvant diagnostic measures can also be applied to cells and cell groups from effusions, 
often allowing an accurate diagnosis based solely on cytological material. 
 
Of the cytogenetic techniques, it is fluorescent in situ hybridisation (FISH) that has 
proven to be of greatest use. As mentioned above (section 1.2.2), p16 is commonly 
deleted in mesotheliomas. FISH analysis for p16 deletion as well as numerical 
chromosomal aberrations is useful in clinical diagnosis [86, 87, 104]. 
 
In addition to these techniques for investigating the tumour cells, several soluble 
biomarkers are useful for diagnosis. Hyaluronan, which is secreted by normal 
mesothelial cells (see section 1.1), is often produced in large quantities by 
mesotheliomas and can be analysed in the pleural fluid [105, 106]. This biomarker is 
highly specific and is used in many parts of the world. More recently, mesothelin and 
osteopontin have also been proposed as biomarkers for mesothelioma in pleural fluid 
[107-110]. 
 
1.2.4 Treatment 

The mainstay of treatment for malignant mesothelioma is chemotherapy. Results of 
chemotherapy are disappointing, however, with at most a 40% response rate and an 
average increase in survival time of approx. 3 months [111]. Over the past decades, 
treatment efficacy has increased only to a very limited extent, despite the introduction 
of new drugs and extensive trials to optimise treatment protocols [112]. 
 
Currently, the drug of choice is Pemetrexed, a folate inhibitor, preferentially in 
combination with cisplatin or carboplatin [111, 113, 114]. Results similar to those 
obtained with Pemetrexed have been shown with the triple combination of 
Carboplatin, liposomized Doxorubicin, and Gemcitabine [115]. Many of the 
conventional drugs used today have serious side-effects. Platinum-based drugs, for 
example, have a marked nephro- and ototoxicity [116, 117], and Doxorubicin is 
cardiotoxic. These side-effects may reduce the patients’ quality of life [118], and much 
may be gained from the development of predictive analyses to optimise drug treatment 
for individual patients and prevent unnecessary treatment with ineffective drugs that 
have serious side-effects (see section 2.3.2). 
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In some centres, surgery is offered to patients with early-stage disease and adequate 
performance status. No randomized trials to evaluate the efficacy of surgery compared 
to chemotherapy alone have been undertaken. Cohort studies however suggest that 
mortality figures are comparable [119]. Radiotherapy may be given as an adjuvant 
therapy to surgery, or as a palliative intervention. 
 
1.2.5 Prognosis 

Malignant mesothelioma has a dismal prognosis. A recent meta-analysis of clinical 
trials published from 1970 to 2005 showed that the median survival time ranged 
between 4 and 17 months, with no trend of improvement over time [112]. 
 
The most reliable predictor of prognosis is the presence of tumour cells with a 
sarcomatoid phenotype, which correlates to a poorer prognosis [120-124]. Other 
prognostic factors are less well established. Tumour stage has been shown to be a 
significant prognostic factor in some studies but not in others [121, 123, 125-127]. Two 
major studies have sought to establish multiparametric prognostic models for 
mesothelioma. The Cancer and Leukemia Group B (CALGB) [128] developed a model 
incorporating the following parameters: histological type, age, performance status, 
white blood cell count (WBC), hemoglobin (Hb), chest pain, and weight loss. The 
European Organization for Research and Treatment of Cancer (EORTC) [122] instead 
developed a prognostic model based on WBC, performance status, certainty of 
diagnosis, histology, and gender. 
 
Due to the long latency period from asbestos exposure to tumour diagnosis, and the 
fact that most malignant mesotheliomas are diagnosed only in a late stage, it is thought 
that most patients exhibit a potentially detectable malignant or premalignant condition 
for years prior to diagnosis. With improved methods for screening and early detection, 
the prognosis will be expected to improve both because the patients will have longer to 
live under the natural course of the disease, and because treatment may be expected to 
have greater effect at earlier stages. 
 
1.3 ANTICANCER EFFECTS OF SODIUM SELENITE 

1.3.1 Overview of selenium biochemistry 

Selenium, discovered in 1818 by Jöns Jacob Berzelius [129], is an essential trace element 
because of its crucial role in selenoproteins. The chemical properties of selenium are 
very similar to those of sulphur, as both are members of the chalcogen group in the 
periodic table. Substitution of sulphur with selenium in cystein and methionine yields 
the two amino acids selenocysteine and selenomethionine. While only selenocysteine 
can be synthesised by humans, selenomethionine is produced by many plants and fungi 
and, when present in human cells, can accidentally become inserted in the place of 
methionine during protein synthesis [130]. Since the selenium atom in 
selenomethionine is shielded by a methyl group, selenomethionine has virtually the 
same chemical properties as methionine. In selenocysteine, on the other hand, the 
exposed selenium atom is more nucleophilic than the corresponding sulphur atom in 
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cystein, leading to differences in enzymatic activity when these amino acids are 
substituted for one another [131]. 
 
A common metabolic pathway exists for all selenium compounds (Figure 2). As this 
figure shows, the central intermediary is selenide. Different compounds are however 
converted to selenide by different enzymes, and hence the rate of selenide synthesis can 
vary greatly between different compounds that are added to a living system. 

HSe‐

GS‐Se‐SG

Na2SeO3

CH3SeH

Se(CH3)n

+GSH, NADPH

SeCys

Protein synthesis Redox cycling
with RSH

SeCys

SeMet

Excretion

Selenosugars

Figure 2. Simplified overview of the main pathways in selenium metabolism. Adapted from Lü and Jiang and Selenius 
et al [132, 133]. GSH: Glutathione (reduced). GS-Se-SG: selenodiglutathione. SeMet: Selenomethionine. SeCys: 
Selenocysteine. RSH: free thiols on proteins and peptides. 

 
Selenocysteine is formed as an intermediary for the synthesis of selenoproteins, whereas 
methylated selenium compounds are exreted. Dimethylselenide is excreted by the 
breath (causing a peculiar garlic odour), and trimethylselenonium through the urine 
[133-135]. In addition, selenide can be metabolised into selenosugars, which are also 
excreted [133]. 
 
There are 25 human selenoproteins [136]. Most of these proteins are redox-active 
enzymes; glutathione peroxidase 1-6, thioredoxin reductase 1-3, and several others of 
lesser significance [137]. In addition, the iodothyronine deiodinases active in thyroid 
hormone synthesis are selenoproteins [137]. 
 
1.3.2 Cellular pharmacology of selenite – uptake into the cell 

In experiments in vitro, the metabolism of selenium compounds takes place mainly in 
the intracellular compartment, due to the requirement for participation of specialised 
enzymes, as discussed above. Selenite is a possible exception; this molecule is unstable 
and might react with exposed thiols on extracellular proteins.  In a comparison between 
the toxicity of selenite when pre-incubated in serum at 37ºC for 24 h or added directly 
to the cell culture medium, no difference could be seen (Nilsonne, unpublished). 
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The kinetics of uptake and retention is therefore the first consideration in an 
explanatory model for selenium cytotoxicity. This has been the focus of early studies 
using radiolabeled selenite (75Se) in cell cultures. Thus, Morrison reported in 1988 [138] 
that the retention of selenite correlated to growth inhibition in 13 tested cell lines with 
r2=0.6. In the same year, this group showed that detached cells dying from selenite 
exposure contained concentrations on the order of tenfold higher than adherent cells 
[139]. The retention was found to correlate to cell cycle phase; cell populations in a 
logarithmic growth phase demonstrated an even distribution of selenite between cells, 
whereas confluent cultures showed great variability and a higher overall retention [140]. 
In a limited time-course experiment, it was found that maximum retention was 
achieved already after 2 h [141]. 
 
MacVicar and Frenkel confirmed these results in 1993, reporting also that cells with a 
greater plating density were more sensitive to selenite [142]. Interestingly, this study 
found no correlation between selenite sensitivity and intracellular glutathione levels, 
but a strong correlation to selenite uptake.  
 
In an investigation of the kinetics of selenite uptake in erythroleukemia cell lines using 
inductively coupled mass spectrometry, two patterns were seen depending on the dose 
of selenite [143]. Cells treated with 5 μM selenite reached a plateau after approx. 8 h, 
while those treated with 50 μM continued to take up selenite for 96 h and reached 100-
fold higher intracellular concentrations. These results suggest the existence of a specific 
mechanism to regulate selenite uptake, while high concentrations may cause unspecific 
influx across the plasma membrane. 
 
The existence of a specific transporter protein is also supported by data from non-
human cell systems. The unicellular alga Chlamydomonas rheinhardtii has a fast 
transport mechanism operating in nanomolar concentrations and a slow transport 
mechanism operating in micromolar concentrations, also suggesting the presence of a 
specific transporter [144]. One investigation from 1985 showed that in E. coli, selenite is 
taken up by the same mechanism that imports sulphate and selenate [145]. The affinity 
for sulphate was 37 times that for selenite. In a study of Selenomonas ruminantia, on the 
other hand, selenite uptake could be inhibited by sulphite but not by sulphate [146], 
and in a study of Saccharomyces cerevisiae, two distinct kinetic phases were also found 
depending on the concentration of selenite [147]. 
 
In an elegant study published recently [148], Olm and co-workers have shown that cells 
secreting thiols, mainly in the form of cysteine, have a greater uptake of and sensitivity 
to selenite. This mechanism is due to overexpression of MRP family proteins, 
mediating cysteine export, and of the xc

- cystin/glutamate antiporter for uptake of 
cystin, which is then intracellularly reduced and exported. According to this model, 
selenite is reduced to selenide in the extracellular compartment and then taken up by a 
still unknown import mechanism.  
 
This model has similarities to one proposed by Tarze et al [149] to explain the 
mechanism of selenite cytotoxicity in Saccharomyces cerevisiae. The model is also 
supported by the findings of Ganyc and Self [150], who compared the uptake of selenite 
and selenide and found that selenide (or, at the very least, a reduced form of selenite) 
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was actively taken up by keratinocytes, and that the uptake could be inhibited by 
molybdate, chromate, and ATPase inhibition. The findings are also consistent with the 
reports by Batist et al. that the cytotoxicity of selenite is increased when glutathione is 
added to the culture medium [151], and by Caffrey and Frenkel [152] that depletion of 
glutathione in the medium decreases selenite toxicity, but that the toxicity can be 
restored by preincubation of selenite with glutathione. 
 
On a macroscopic level, selenite has a strong affinity for tumour tissues, as is evidenced 
by scintigraphic studies performed using 75Se radioselenite between 1960 and 1980. In a 
number of independent investigations, selenite gave a strong signal for tumours of any 
histogenesis, including malignant mesotheliomas, indicating that there is a mechanism 
for selenium uptake and retention that is common to most neoplastic processes [153-
160]. The difference in signal strength between tumour and normal tissue, measured 
using the technology of that time, allows the estimation that the concentration of 
selenium was about 20- fold greater in the tumours (Martin Ingvar, personal 
communication). Kuikka and Nordman investigated tumour specimens from patients 
that had recently undergone 75Se-scintigraphy ex vivo, and found a 5-8 times greater 
selenium content in the tumour tissue than in biopsies from the subcutaneous fat [161]. 
 
High concentrations were also seen in the liver and in inflammatory processes, e.g. 
abscesses, post-radiation fibrosis, and infarctions [155-157]. In light of the findings by 
Olm et al, discussed above, it is tempting to suggest a common mechanism for selenium 
enrichment, in that both tumours and many focal infections and inflammatory 
processes may be hypoxic, leading to reducing extracellular conditions. Curiously, the 
only quantitative investigations of the redox potential in tumours were carried out in 
the 1950’s, These investigations did showed a markedly lower redox potential in 
tumours compared to other tissues, meaning that the tumour microenvironment was 
reducing [162, 163]. 
 
The main reasons for discontinuation of research into 75Se selenite as a radiographic 
isotope were the insufficient specificity of the diagnostic method and the comparatively 
long half-time of selenite in the body (dual kinetics with a rapid excretion of t1/2 around 
three days and a slow phase with t1/2 around 150 days, presumably due to unspecific 
incorporation during protein synthesis), leading to a high radiation dose [164, 165]. 
Possibly, selenite will reemerge as a radiographic compound, as it is now possible to 
produce 73Se-selenite and detect it using positron emission tomography, yielding higher 
sensitivity with far smaller doses than the older scintigraphic techniques [166, 167].  
 
It should be added that selenite, when injected into the bloodstream, will be rapidly 
reduced to selenide in erythrocytes and in the liver [168]. Much of the added dose will 
then bind to thiols on various proteins, including glutathione, haemoglobin, and 
albumin [169, 170]. How much of an intravenous dose of selenite will reach a tumour 
before being metabolised in this manner remains an open question. 
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1.3.3 Cellular pharmacology of selenite – intracellular activity 

In an attempt to define the fundamental principle of pharmacology, Paul Ehrlich in 
1913 coined the phrase “Corpora non agunt nisi fixata”2, meaning that a drug only 
exerts its effect when bound to its receptor [171]. Ehrlich himself was quick to point out 
that there are exceptions to this rule; these exceptions have however turned out to be 
very rare. Selenite and its chief metabolite, selenide, appear to be such exceptions, 
lacking a specific receptor.  
 
The cytotoxic effect of selenite is mediated by oxidative stress. Many independent 
researchers have confirmed this hypothesis numerous times by the intervention with 
different antioxidants including ascorbic acid, catalase, superoxide dismutases, 
superoxide dismutase mimetics, superoxide scavengers, glutathione, glutathione 
peroxidase, deferoxamine, and N-acetylcysteine [172-182].  
 
As mentioned above, selenite is metabolised to selenide. Unlike the conversion of 
selenoamino acids, the rate of this reaction is limited only by the local availability of 
electron donors. It is therefore possible for large amounts of selenite to reduce into 
selenide in a short time, while oxidising free thiols in the cytoplasm. 
 
Selenide is a reactive molecule, reacting rapidly with free thiols, especially in 
glutathione, to form disulfides and selenium trisulfides [133].  These are again reduced, 
leading to a cycling where free thiols may be rapidly consumed [183]. The resulting 
oxidation leads to the formation of disulphide bridges interfering with the proper 
conformation of intracellular proteins, leading to inhibition or inactivation of their 
enzymatic function. This effect has been shown e.g. in DNA topoisomerases [184], 
caspases, and JNK [185, 186]. 
 
Selenodiglutathione may also be converted into colloidal selenium [187], which can be 
present in sufficiently high amounts in cells after selenite treatment to give the cell 
pellet a characteristic brick-red colour (Nilsonne, unpublished). 
 
1.3.4 Induction of apoptosis by selenite 

Much research on the cytotoxicity of selenite has revolved around its ability to induce 
apoptosis, and the signaling mechanisms involved in this process. There are three 
implicit reasons for this preoccupation: 

- The ability of selenite to induce apoptosis suggests a specific mechanism rather 
than a general toxic effect 

- In cancer treatment, apoptotic cell death in the tumour is far less of a burden for 
the patients compared to necrotic cell death, as the apoptotic cells can be 
phagocytosed locally instead of spilling their contents and causing local 
inflammation and a great burden of clearance for the liver and kidneys. 

 
2 This is a play on the older saying ”corpora non agunt nisi liquida”, which refers to the well-known 
phenomenon that many chemical reactions will only take place between compounds dissolved in the 
same fluid. 
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- Most currently used chemotherapeutic drugs induce DNA damage and lead to 
apoptosis. 

 
Apoptosis continues to be a poorly defined process [188, 189]. Many hallmarks of 
apoptosis are well known, e.g. mitochondrial depolarization, caspase activation, and 
nuclear fragmentation [190]. However, it is clear that not all of these classical hallmarks 
need to be present at any stage of apoptosis. Different types of programmed cell death 
independent of caspase and of other mediators have been demonstrated [191]. 
 
Many independent reports have shown that selenite increases the expression of 
apoptotic markers in a great variety of cell types [174-176, 178, 179, 181, 182, 192-202]. 
However, cell death without apoptotic marker expression was also often observed. It is 
therefore likely that apoptosis induces cell death both by apoptosis and by necrosis, and 
that individual cells may show activation of the apopototic signalling and execution 
pathways to a varying extent after selenite treatment. 
 
The exact nature of selenite-induced apoptosis signalling appears to differ between cell 
types. The main apoptosis mediators have by now been relatively well studied in 
different model systems. With regard to p53, the “master regulator” of cell death, 
several studies have shown induction after selenite treatment [179, 182, 194, 199, 201, 
203, 204]. In one study, siRNA against p53 decreased the cytotoxic effect of selenite 
[199]. Another report showed that selenite caused p53 activation specifically by 
inducing phosphorylation of serines 20, 37, and 46 [205]. However, p53-independent 
selenite cytotoxicity has also been reported [203]. 
 
The mitogen-associated protein kinase (MAP kinase) pathways encompass six different 
signalling pathways, mediated by functionally similar serine/threonine protein kinases 
and involved in proliferation, differentiation and cell stress signalling [206-208]. Two of 
these pathways are particularly important for stress signalling and apoptosis regulation: 
the JNK (c-Jun N-terminal Kinase) and p38 pathways. There is considerable crosstalk 
between these pathways, and it is possible that a network is a better model for 
visualising the signalling interactions than linear pathways (see section 2.3.2). 
 
Following selenite treatment, MAP kinase activation has been variable in different cell 
systems. Activation of p38 has been seen quite consistently [179, 201, 203], although 
these studies are mainly correlative and do not attribute causality to p38 activation in 
signalling. When it comes to JNK, earlier studies diverge, finding both activation 
[201], and no activation [179]. 
 
Caspases, the canonical apoptosis effector proteins, have also been found to be activated 
in response to selenite in some cell systems [174, 182, 199, 202] but not in others [179, 
180, 192]. As mentioned above (section 1.3.3), selenite can inhibit caspases by thiol 
oxidation. This effect could explain the lack of caspase activation in some systems, and 
is consistent with the pattern of partial apoptosis induction often seen after selenite 
treatment. 
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In addition to these findings concerning apoptosis signalling, there have been reports 
that selenite induces autophagy, and that inhibition of autophagic signalling pathways 
increase the apoptotic fraction [209].  
 
1.3.5 Determinants of selenite cytotoxicity 

Since selenite does not have a specific molecular target, efforts to find predictors of the 
response in different cell populations have largely been frustrated. As mentioned above, 
the cellular uptake and retention of selenite was implicated as a determinant at an early 
stage [138], and this position has recently been vindicated [148]. 
 
Much interest has focused on the cellular redox enzyme systems as determinants of 
selenite cytotoxicity. The two main redox systems are the glutathione system, 
comprising glutathione, glutathione peroxidase, and NADPH, and the thioredoxin 
system, comprising thioredoxin, thioredoxin reductase, and NADPH. Of the two, the 
glutathione system is quantitatively highly dominant and has broader substrate 
specificity. 
 
Thioredoxin reductase is upregulated in malignant mesothelioma, as we and others 
have shown using immunohistochemistry (paper I, [210]). Microarray studies of gene 
expression in mesothelioma have arrived at the same result [101, 211, 212]. At one 
point, we hypothesised that the high levels of thioredoxin reductase would sensitise the 
cells to selenite, by facilitating the redox cycling which generates oxidative stress [213].  
On the one hand, the thioredoxin system protects the cells against the thiol oxidation 
that results from selenite-induced oxidative stress. On the other hand, by reducing the 
thiols it regenerates the substrate for redox cycling by selenite [214]. Hence, we used the 
simile of a double-edged sword in paper I. Later data, however, suggest that the 
protective effect of thioredoxin system activity is dominant over any deleterious effects 
– the edges of the sword are far from equally sharp. Overexpression of TrxR had a 
protective effect in one study [215]. Inhibition of thioredoxin reductase by Auranofin 
enhanced cell death in another study [216]. This is consistent with our observation in 
paper I that cytotoxicity was greater in the cell line with lower TrxR activity. 
 
Results of similar studies on the glutathione system have been contradictory. 
Correlative studies matching glutathione levels to selenite cytotoxicity have found no 
relationship [178]. Glutathione depletion has been shown to lead to both increased 
[217, 218] and decreased [197] sensitivity to selenite. In one study, both up- and 
downmodulation of glutathione caused increased cytotoxicity of selenite [219].  
 
We have also investigated whether the proliferation rate or plating density affects 
sensitivity (paper III), but we found no such correlation. 
 
Thus, it seems that cellular uptake and retention of selenium after selenite treatment, 
mediated by extracellular thiols, is the best determinant currently known for selenite 
toxicity. 
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1.4 NATURAL KILLER CELLS IN ANTICANCER THERAPY 

Natural killer (NK) cells are a special class of lymphocytes, belonging neither to the B 
nor the T subset. The name “natural killer cell” was coined by Eva Klein [220], and 
refers to the capacity of NK cells to kill target cells without prior activation by cytokines, 
if the target cell does not express inhibitory ligands, primarily major histocompatibility 
complex (MHC) class 1 proteins. Downregulation of MHC class 1 causes cells to avoid 
displaying immunogenic proteins in cases of virus infection or neoplastic 
transformation. NK cells are therefore particularly important in these contexts, where 
so-called “missing-self recognition” enables accurate recognition and killing of 
deleterious host cells. 
 
The activation of NK cells is complex and depends on a balance of activating and 
inhibiting factors related both to the target cell and to the extracellular milieu. 
Important activating receptors include DNAX-accessory molecule-1 (DNAM-1), 
NKG2D, some of the killer Ig-like receptors (KIRs), natural cytotoxicity receptors 
(NCR), and CD94/NKG2C, and the concurrent activation of at least two receptors is 
required for NK cell activation [220]. The main inhibitory ligands are HLA class I 
family members, including HLA-E, recognised by receptors including leukocyte Ig-like 
receptor (LIR), some of the KIRs, and CD94/NKG2A [221]. In addition, NK cells are 
activated by Fc immunoglobulin fragments on opsonised cells, as well as by 
proinflammatory cytokines such as interleukin-12 and -18 [222].  
 
The cytotoxic effects of NK cells are mediated by perforin and granzyme, two proteins 
stored in cytoplasmic granules of the NK cell [222]. Perforin acts by inserting itself into 
the plasma membrane of the target cell and forming a pore [222]. Granzyme, on the 
other hand, is a protease, which exerts its effects after entering through the pore by 
cleaving procaspases in the target cell cytoplasm, thereby activating apoptosis signalling 
[111, 112]. 
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2 PRESENT INVESTIGATION 
2.1 AIM OF THE STUDY 

Improved therapeutic options for malignant mesothelioma are urgently needed. New 
drugs with greater efficacy would be highly valuable. It is, however, important to note 
that several existing drug combinations yield response rates of 30-40%, possibly with a 
considerable lack of overlap [223]. Therefore, if it were possible to determine which 
treatment regime would be most useful for each individual patient, better results could 
be expected. In addition, some patients might be spared the effort of going through 
arduous treatment cycles when the added benefit is very small. 
 
The overall aim of this project was to investigate the anticancer effect, mechanisms, and 
possible utility of sodium selenite as a new drug against malignant mesothelioma, as 
well as the feasibility of using the differentiation state of cells to predict treatment 
response. The thesis work has been divided into four sub-projects, the aims of which 
were as follows: 
 
Paper I: To investigate the ability of sodium selenite to induce cell death and apoptosis 
in mesothelioma cells;  the tumour- and phenotype-specificity of selenite toxicity;  the 
effects of a combination of selenite and a conventional cytotoxic drug; and whether 
selenite toxicity is mediated, in this experimental system, by oxidative stress. 
 
Paper II: To investigate the apoptosis signalling in mesothelioma cells of epithelioid 
and sarcomatoid phenotypes, with respect to the regulation of a number of key 
signaling molecules including p53, JNK, p38, Bax, Bcl-XL, caspases and cathepsins. 
 
Paper III: To investigate whether selenite has synergistic effects with other cytostatic 
drugs in mesothelioma cells, and whether the differentiation state of the cells is a 
predictor for the sensitivity to selenite and other drugs. 
 
Paper IV: To investigate the effects of selenite on NK-cell mediated recognition and 
killing of mesothelioma cells, with a particular focus on the down-regulation of HLA-E 
in response to selenite treatment. 
 
2.2 REMARKS ON METHODOLOGY 

2.2.1 Cytotoxicity assays 

Cytotoxicity has been assayed mainly by the WST-1 assay, which measures the 
metabolic activity of cell populations. It is a viability test rather than a cytotoxicity test, 
and can therefore determine the viability of a population relative to control. It can, 
however, not distinguish between a cytotoxic effect where cells have been killed, and a 
cytostatic effect, where proliferation has been impaired. 
 
It could be hypothesized that the result of the WST-1 assay is confounded by oxidative 
stress, which is induced by selenite and several of the other compounds that have been 
tested in the course of this work. This hypothesis has been investigated in a recent study 



 

 20 

[224] which compared several viability tests after treatment with different selenium 
compounds. The WST-1 assay consistently outperformed other assays in that it yielded 
higher viability estimates for untreated cells and a more dynamic response to increasing 
concentrations of toxic drugs. In some cases, however, the WST-1 assay yielded a 
paradoxical increase with increasing drug concentrations, which is attributed by the 
authors to an increase in the metabolic activity. We have observed such increases when 
cells have been treated with low doses of selenite, and we have suggested in paper I that 
this effect is due to increased viability because low doses of selenium may be growth 
stimulatory. In the light of these more recent observations, an alternative interpretation 
is that the toxic effects of selenite manifested themselves as an increased metabolic 
activity at low doses. 
 
2.2.2 Apoptosis assays 

Many different methods to determine apoptosis have been used in this work. For 
quantitative comparisons, we have relied mainly on flow cytometric methods using 
Annexin-V in conjunction with a DNA staining marker such as propidium iodide or 7-
aminoactinomycin D [189, 190]. This approach is valuable because it offers a way to 
validate findings from cytotoxicity assays, while giving a readout for both apoptotic and 
non-apoptotic cell death.  
 
We have also (in paper I) used a purely morphological technique where apopototic 
cells were defined as those with pycnotic (i.e. shrunken and hyperchromatic) nuclei. 
This is the oldest available method for apoptosis detection, but it is nevertheless still 
considered one of the most robust methods [225]. An important limitation is the 
subjectivity of morphological measurements, leading to interobserver variation. The 
evaluation of slides in this experiment was performed by a single observer. Variation 
due to subjectivity was instead mitigated by the joint assessment of several slides, 
chosen at random, by three observers, in order to establish a common norm for 
evaluation. All slides were blinded. 
 
The main weakness of these analyses is that they offer only a snapshot of living and 
dead cells in the population. We have shown by means of mathematical simulation that 
changes in the kinetics of apoptosis may lead to large over-or underestimates unless 
kinetics are explicitly taken into consideration (Nilsonne et al, unpublished). Therefore, 
these quantitative comparisons must be made with caution. 
 
An alternative to single-cell based methods such as the above-mentioned techniques is 
to assay a cumulatively increasing product of apoptosis from the cell medium. In this 
work (paper II), we have used the M-30 Apoptosense ELISA. This assay measures 
specific fragments of cytokeratin 18 resulting from cleavage by caspases, particularly 
caspases 3 and 9. Consequently, the assay is dependent on both the expression of 
cytokeratin 18, and on the extent to which apoptosis is mediated by these caspases. 
Caspase-independent apoptosis will lead to negative results. In order to correct for 
differences in baseline cytokeratin expression we have expressed the results as fold 
change in treated cells compared to untreated cells, instead of directly comparing the 
results from different cell lines. 
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2.2.3 Measurement of oxidative stress 

Several methods exist for the determination of oxidative stress, all with their respective 
advantages and limitations. In this work, two methods have been used: 
dichlorofluorescein (DCF) staining and measurement of free thiols by the DTNB assay.  
 
DCF staining was evaluated by confocal microscopy, which is a sensitive technique 
capable of detecting very weak fluorescence signals. However, this high sensitivity 
requires a high stringency with respect to negative controls: all samples and controls 
must be prepared at the same time, under identical conditions, and the exact same 
instrument settings with respect to laser intensity and amplitude gain must be applied 
throughout. This may lead to problems such as signal saturation. A further challenge is 
the apparent time-dependence of DCF fluorescence after selenite treatment. In this 
work, we have made conservative interpretations of the DCF experiments by drawing 
only qualitative conclusions, noting that staining intensity was greater or smaller when 
comparing two samples, but not by how much.  
 
While DCF fluorescence is primarily a measure of hydrogen peroxide (H2O2) 
generation from the superoxide anion (O2

-) [226], thiol oxidation can be considered an 
independent outcome parameter, related but by no means identical to superoxide 
generation. Measurement is comparatively simple and rests on the use of DTNB (5,5'-
dithiobis-(2-nitrobenzoic acid)), which forms the chromophore 5-mercapto-2-
nitrobenzoic acid upon reaction with sulfhydryl groups. Readout is performed at 412 
nm with a spectrophotometer and the concentration is calculated based on the 
extinction coefficient ε ~13,600 cm-1M-1 [227]. This readout is then related to the 
protein concentration, as determined by the BioRad assay. DTNB conjugates of 
glutathione and other thiols can also be separated by high-pressure liquid 
chromatography and quantified based on their absorbance for greater sensitivity and 
accuracy. 
 
In addition to the abovementioned assays, we have used ascorbic acid as an antioxidant 
in conjunction with viability and apoptosis tests, establishing a causal role for oxidative 
stress in processes leading to cell death. 
 
2.2.4 Immunohisto- and cytochemistry 

These antibody-based and principally similar methods have been used both for target 
validation in patient material and for evaluation of experimental endpoints in cells from 
tissue culture. In both methods, target detection depends on antibody binding. Here, it 
is necessary to ensure specificity, by means of a negative control, and sensitivity, by 
means of a positive control. The specificity of the antibody, unless it has been previously 
tested, can be further verified by techniques such as co-immunoprecipitation with the 
antigen (if the antigen is available), and staining attenuation by preincubation of the 
antibody with external free antigen before staining. 
Interpretation of staining results is performed by a microscopist whose subjectivity is a 
possible source of bias. Therefore, all staining results were evaluated by at least two, and 
usually three, independent observers, and with blinding of the slides where possible. It 
was not possible to blind slides with respect to different diagnoses when these were 
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revealed by the morphology of the stained cells.  When the results were qualitative in 
nature (such as whether a certain tissue stained positively or negatively), divergent 
opinions were settled by joint evaluation and discussion between the observers. When 
the results were quantitative in nature (such as number of positive/negative cells), the 
results from the different observers were added and summary statistics (positive 
fraction, confidence interval etc) were based on this aggregated dataset. All observers 
counted cells in a predefined number of microscopic fields of view, leading to nearly 
balanced cell counts. However, the slight differences in frequencies of counted cells 
precluded the calculation of formal interrater agreement measures such as the κ 
statistic. 
 
2.2.5 Flow cytometry 

Flow cytometry was most often performed using antibodies with fluorochromes for 
detection, although some assays were based on low-molecular fluorochromes with 
different staining principles (i.e. probes for mitochondrial membrane potential). With 
antibody staining, all the considerations discussed for immunohisto- and cytochemistry 
apply. 
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3 RESULTS AND DISCUSSION 
3.1 Selenite in mesothelioma therapy 

We have shown that selenite decreases the viability of mesothelioma cells (paper I). The 
mode of cell death showed many characteristics of apoptosis, although not in all cells 
(papers I and II). Mesothelioma cells were shown to be more sensitive than benign 
mesothelial cells in culture (paper I). This observation establishes that the basic 
criterion for a candidate anticancer drug is fulfilled; namely, that it has a selective effect 
on the tumour cells. Depending on the mode of administration, dose-limiting side-
effects may of course arise due to even higher sensitivity in other benign cell types. 
Malignant mesothelioma is one of the few solid tumours where topical chemotherapy is 
practical, in the form of an intracavitary infusion into the pleura or peritoneum [228, 
229]. This approach might result in a far higher local availability of selenite, as it would 
not undergo metabolism in the liver and erythrocytes before reaching the tumour (as 
discussed in section 1.3).  
 
In paper I, we reasoned that thioredoxin reductase (TrxR) could be a drug target for 
selenite, and we showed that the activities of both TrxR and glutaredoxin reductase 
decreased after selenite treatment. As has been discussed in section 1.3, this hypothesis 
is, in light of subsequent findings in other systems, unlikely to hold. However, TrxR 
remains a strong candidate drug target for mesothelioma and other cancers [230]. The 
observed inhibition of TrxR activity could possibly be explained by relatively non-
specific effects of oxidation, leading to the formation of intra- and intermolecular 
disulfides or mixed disulfides/selenides, disrupting the tertiary structure of the TrxR 
protein [231, 232]. 
 
In paper III, we investigated the effect of selenite compared to other cytostatic drugs, 
and found a greater decrease in viability at theoretically relevant dose ranges. We also 
investigated synergistic effects between selenite and other anticancer drugs. From a 
priori theoretical considerations, a synergistic effect between selenite and Pemetrexed 
might be expected, since Pemetrexed decreases the availability of methyl groups 
required for the detoxification of selenide into methylselenol. However, no such effect 
was observed. 
 
In paper IV, we have shown that selenite alters the immune phenotype of 
mesothelioma cells, leading to increased recognition by NK-cells and subsequent 
degranulation and killing of the tumour cell by the NK cell. The NK cell inhibitory 
ligand HLA-E is downregulated by selenite, and this regulation takes place on the level 
of protein synthesis, as evidenced by RT-PCR showing that mRNA expression is 
constant, while intracellular and surface protein levels decreased synchronously. HLA-
E is a labile molecule, with a half-time of only 4-6 h. Therefore, we hypothesise that it 
functions as a rapidly onsetting marker for cell stress. These results indicate that selenite 
treatment in vivo will have the additional benefit of immune mechanisms on top of the 
direct cytotoxic effects evidenced in papers I-III.   
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The doses of selenite used throughout these investigations are within the tolerable range 
in humans [101, 233-235]. Therefore, it is reasonable to extrapolate the effects of 
selenite on mesothelioma cells to in vivo conditions, while keeping in mind that 
pharmacokinetics may still cause profound differences in effect.  
 
The results of these in vitro investigations establish a basis for further studies of the 
safety and efficacy of selenite against malignant mesothelioma in a clinical setting. The 
establishment of a viable translational strategy for the testing of selenite against 
malignant mesothelioma is a weighty responsibility for those who will continue in this 
line of research.  
 
3.2 Individualized therapy for mesothelioma 

In paper I, we hypothesised that the differentiation state of mesothelioma cells 
(epithelioid vs. sarcomatoid) predicts response to selenite treatment. This reasoning 
was based on the following arguments: 

• Previous studies of gene expression have found robust biological differences 
between the two phenotypes, suggesting that they have different tumour-
driving mechanisms [236]. 

• In paper I, experiments on a model system for mesothelioma differentiation 
comprising one epithelioid and one sarcomatoid cell sub-line showed that the 
sarcomatoid cell sub-line was more sensitive to selenite. A previous study 
showed that the reverse was true for proteasome inhibitors [237]. 

 
In paper III, investigated the association of differentiation state to drug sensitivity, by 
comparing six cell lines, of which three displayed epithelioid differentiation and three 
were of sarcomatoid phenotype. Analyses of variance (ANOVA) showed an extremely 
weak correlation between differentiation state and drug sensitivity, thus disproving our 
hypothesis that differentiation predicts sensitivity to the tested drugs. 
 
New predictors for clinical use must evidently be sought elsewhere. A promising 
approach might be to study the functional characteristics of primary tumour cells 
derived from the tumour e.g. from a pleural effusion [189]. Such efforts are ongoing in 
our own laboratory and elsewhere. 
 
3.3 Apoptosis regulation: How the cell makes a decision 

Programmed cell death encompasses a spectrum of interrelated processes, whose 
definitions are not completely clear [189]. Traditionally, apoptosis denotes programmed 
cell death characterized morphologically by nuclear shrinkage, pycnosis, and 
fragmentation, and characterized biochemically by DNA strand breaks and activation 
of a particular set of proteases (most often the caspases, although other proteases may 
perform the same function). Many other well-studied features may be present, such as 
depolarization of the mitochondria, and externalisation of phosphatidyl serine on the 
plasma membrane. As no distinct definition of apoptosis exists [238], many 
investigators have stressed the importance of assaying several (≥ 3) signs of apoptosis. 
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Apoptosis and programmed cell death are not fully synonymous concepts. Autophagy is 
another form of programmed cell death, which is characterised by cellular autocatalysis 
by means of lysosomal degradation. During autophagy, the lysosomes expand in size 
and are termed “autophagosomes”.  A third form of programmed cell death, which was 
recently proposed, is entosis, where cells actively contribute to becoming phagocytosed 
and degraded by the engulfing cell [239]. This phenomenon is well known from clinical 
cytological observations, where so-called “engulfment” phenomena can be seen among 
tumour cells [188]. 
 
In addition, cells may die from the inability to maintain their normal homeostasis. This 
can take the form of either necrosis or mitotic catastrophe [240, 241]. In some cases, a 
cell may begin to execute a cell death programme, but become unable to complete it, 
and the cell death in this case will lie somewhere in-between necrosis and programmed 
cell death. After treatment with selenite, cell populations show a distribution of cell 
death with variable activation of apoptosis signalling pathways. We hypothesise that in 
these cases, many cells enter necrosis before being able to finish the apoptotic process 
even though it had already started. 
 
From the point of view of network organisation, apoptosis regulation is very 
interesting. Several broad classes of apoptosis stimulating signals are recognised, 
including genotoxic stress of many kinds, extrinsic activation through the Fas pathway, 
and hormonal/morphogenic cues during development. The relationship between these 
cues and apoptosis is non-linear. To ensure proper function, the signalling network has 
to disregard small stimuli, but once a certain threshold is exceeded, the activation must 
be complete. In other words, the network must be bistable and allow only an “on” and 
an “off” condition [242]. Manintenance of the “on” condition is probably achieved 
through powerful positive feedback signals on several levels. One well-known positive 
feedback mechanism is the activation of caspases by other caspases through the 
cleavage of inactive procaspases. Other positive feedback mechanims are likely to 
operate on mediators upstream of the caspases [242]. 
 
Due to the topology of the network, it is difficult to say, for many mediators, whether 
they are pro- or antiapoptotic. Both JNK and p38 have been pointed out as pro-
apoptotic by a considerable literature, while an equally considerable literature has 
claimed that they are anti-apoptotic [30]. This illustrates the difficulties in 
interpretation that arise from assuming linear relationships in a complex network.  
 
In paper II, we have showed that inhibition of a number of apoptosis signalling 
mediators had very little effect on apoptosis induction by selenite. The network was 
apparently robust to our perturbations. Two explanations are possible: either a 
mediator in question was not active in apoptosis signalling after selenite induction, or it 
was functionally redundant. Of the investigated mediators, we can be fairly certain that 
p53 was not active in signalling, as we also demonstrated that selenite caused p53 to lose 
its activity as a transcription factor. The cases of JNK and p38 as well as the cathepsins 
are not as straightforward. Here, our experimental controls show that p38 and the 
cathepsins, but not JNK, were active in signalling for the apoptosis that occurred 
spontaneously without selenite treatment. It is possible that these cells, which carry 
many genetic alterations , do not use JNK signalling at all. With respect to p38 and the 
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cathepsins, it is more likely that these mediators are either redundant or inhibited by 
selenite. 
 
We conclude, therefore, that the apoptosis signalling network of the mesothelioma cells 
under study was highly robust to perturbation of the several key mediators tested, and 
that contributing factors to this robustness may include prior inactivation of apoptosis 
pathways acquired during the course of tumourigenesis, inhibition of pathways by the 
action of selenite, and a network architecture with a high degree of functional 
redundancy.  
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