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Abstract 

Background: Malignant mesothelioma is an aggressive and rare cancer. 

Mesothelioma affects the mesothelial cells of the pleural, pericardial and peritoneal 

cavities surrounding the lungs, heart and abdomen. Long latency periods, short patient 

survival times and limited treatment options associated with mesothelioma underlines 

the need to identify novel therapeutic drug targets. Numerous molecular mediators 

and pathways have been identified as potential therapeutic targets in malignant 

mesothelioma, with one being Toll-Like Receptor (TLR4). TLR4 is a protein that 

plays a significant role in the autocrine and paracrine feedback loop of High Mobility 

Group Box 1 (HMGB1) protein, which contributes to mesothelioma tumourogenesis 

and proliferation. 

Methods: Two main cell lines used in this study were the non-malignant cell line, 

MeT-5A, and malignant cell lines NCI-H28, IST-Mes2 and MM-Miller. Various 

small molecule-inhibiting drugs were used to investigate the role of TLR4 in these 

cell lines, including those that inhibit TLR4, and components downstream of the 

TLR4 signaling pathway. Short-term effects of these drugs were assessed by 3-(4,5-

Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide)SO (MTT) assay, and long-

term effects assessed using colony-forming assays (CFA). The mechanism of cell 

death following drug treatment was determined by Western blotting analysis. To 

determine the validity of hypotheses suggesting that TLR4 is up-regulated in 

malignant mesothelioma, Western blotting analysis for TLR4 was performed on all 

four cell lines. To examine the effect of TLR4 gene silencing on short-term cell 

viability, MeT-5A and NCI-H28 cell lines were treated with a small interfering 

ribonucleic acid (siRNA) targeting TLR4 before performing an MTT assay. 
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Results: The TLR4 inhibitor, TAK-242, was the only drug that exhibited marginal 

reductions in cell viability in the NCI-H28 cell line compared to the MeT-5A cell line. 

IST-Mes2 and MM-Miller cell lines showed variable sensitivity to all molecular 

inhibitors. CFAs performed on MeT-5A and NCI-H28 cell lines using TAK-242 

demonstrated that cell death continues to occur 10 days post-treatment, indicating that 

the drug exhibits long-term effectiveness on reducing cell viability. Western blot 

analysis showed induction of apoptosis in several cell lines following molecular 

inhibition. However this was not consistent between drug treatments and between 

different cell lines. TLR4 protein expression varied between all four cell lines as 

determined by Western blotting, with the malignant NCI-H28, IST-Mes2 and MM-

Miller cell lines expressing a 1.1-, 1.32-, and 1.35-fold increase in TLR4 protein 

expression compared to the non-malignant MeT-5A cell lines.  

Conclusion: The TLR4 inhibitor, TAK-242, was the only drug that showed marginal 

specificity for one of the malignant cell lines. Taken with data indicating that TLR4 

protein expression is up-regulated in mesothelioma cell lines, TLR4 may play a role 

in mesothelioma, however it does not appear to be crucial to malignant mesothelioma 

cell survival. While various aspects of drug treatment and mesothelioma biology was 

investigated, future work need to focus on identifying other potential therapeutic 

targets in mesothelioma. The extent of the involvement of other molecules such as 

HMGB1, and further understanding of mesothelioma biology, is also warranted.   
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1. Introduction  

Cancer is one of the leading causes of mortality worldwide, affecting 14 

million people every year and accounting for more than 8 million deaths (1). In 

Australia alone, there are nearly 150,000 new cases each year (2, 3). One of the less 

common but more aggressive cancers is malignant mesothelioma, a cancer that affects 

the mesothelial cells that form the linings of the lungs, abdominal and heart cavity.  

Mesothelioma is primarily caused by the inhalation of a class of fibrous 

mineral fibers called asbestos, although it has also been attributed to other factors 

including exposure to erionite fibers and radiation (4). Despite large reductions in 

asbestos use for more than three decades and asbestos bans in several countries, 

overall diagnostic rates of mesothelioma have continued to rise, a consequence likely 

attributable to the lengthy latency periods exhibited by the disease (5, 6). 

 Currently, there is no cure for mesothelioma, and only a limited number of 

treatment options available (7, 8). Chemotherapy remains the first-line treatment, 

despite only marginally increasing survival time compared to those not undergoing 

treatment. Surgery may also be undertaken, however surgical removal of the entire 

tumour is difficult, often resulting in tumour recurrence due to tumour cell disruption 

and cell reseeding (6). Despite its propensity to damage viable surrounding tissue, 

radiotherapy is also used in the treatment for mesothelioma, although its use is 

primarily associated with pain management rather than tumour reduction or removal 

(7).  When chemotherapy, surgery, or radiotherapy fails, palliative care represents the 

only remaining option for patients.  

Because of limited treatments and short survival times, new research 

examining molecular mediators and pathways that may be important in mesothelioma 

development and proliferation is underway. This work focuses on identifying new 
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therapeutic drug targets in mesothelioma cells, which, if successful, may represent 

clinically translatable treatment therapies for malignant mesothelioma. 
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2. Literature review 

2.1 Significance of cancer 

Described as being a significant contributor to global mortality rates, cancer 

constitutes a significant burden to global society. The term cancer describes the 

failure of cell mechanisms to control cell growth and proliferation. Because of these 

mechanistic failures, cells demonstrate uncontrolled growth and division, and 

subsequently develop abnormalities and genetic mutations. The risk of cancer is 

attributed to a diverse range of factors, from smoking and obesity, to exposure to 

chemicals and ultraviolet radiation. It is a significant problem, with over 900 

potentially carcinogenic substances identified in the last 30 years (9). 

Recently, more than 14 million new cases, and over 8 million deaths were 

attributed to cancer (Diagram 1), increasing from 12.7 million and 7.6 million deaths, 

in 2008. The trend continued in 2015, with 8.8 million cancer deaths documented by 

the World Health Organisation (WHO) (1, 10, 11). Lung cancer in males and breast 

cancer in females remains the most commonly diagnosed cancers, however this 

differs slightly in developed countries, where lung cancer is superseded by prostate 

cancer in men (10, 11). Lung cancer rates in 2012 reached 1.8 million, and accounted 

for 13% of all cancers diagnosed that year. While the number of lung cancer cases 

attributed to smoking tobacco are decreasing, the overall number of cases continues to 

rise. Other environmental and occupational carcinogens are contributing to the 

development of lung cancer, including fine particle pollution, polycyclic hydrocarbon 

compounds, and asbestos (11). 
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Diagram 1. Distribution of new cancer diagnoses in 21 global areas in 2012. Colours 

delineate different global areas as per the key. Diagram extracted from Torre et al. (11). 

 

2.2 Malignant mesothelioma  

2.2.1. Global burden and statistics of malignant mesothelioma  

 Malignant mesothelioma is an aggressive and increasingly common cancer 

that affects the mesothelial cells that line the pleural, pericardial and peritoneal 

cavities. While mesothelioma accounts for only a small fraction of the global cancer 

rates, it remains a significant burden to society in terms of both economic and health 

care system cost (12).  

 The number of mesothelioma cases diagnosed each year differs vastly from 

country to country, and are not exactly known. This is most likely the result of non-

existent or poorly recorded documentation, or because statistics are not easily 
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correlated to, or consistent with, worldwide statistics. Where figures are known, the 

substantial differences that occur between countries are almost entirely attributable to 

the countryÕs history and extent of asbestos use. Asbestos, a class of mineral fibers 

used extensively during the 20th century for building and construction materials, is 

well established as the primary risk factor for developing mesothelioma (13). 

Furthermore, despite there being more than 83 countries that have documented cases 

of mesothelioma, accurate statistics for case and mortality rates are lacking due to 

very few countries maintaining established and comprehensive mesothelioma cancer 

registries (5).  

Globally, the WHO estimated that between 1994 and 2008, around 6,500 

mesothelioma deaths per year were documented, totaling over 92,253 in that time 

period (5). Furthermore, a combined average of 12,500 cases have been reported 

annually each year in Australia, Japan, the United States, Western Europe and the 

United Kingdom (5, 14). These figures may realistically be even greater, with Park et 

al. (15) suggesting one additional case may be overlooked for every four to five cases 

of mesothelioma diagnosed, a consequence that may in part be related to 

misidentification or poor documentation. As such, only countries with the most 

accurate statistics are mentioned below.   

 

2.2.1.1 Incidence of mesothelioma in Australia 

In Australia, over 600 cases of mesothelioma are documented each year (16, 

17). Between 1945 to 2000, 6,329 cases were documented, with the majority of cases 

occurring from 1980 onwards (17). In addition to having one of the highest global 

incidence rates of mesothelioma in 2002 at 40 per million population (Diagram 2), 

Australia also has one of the highest age-adjusted mortality rates in the world at 16.5 
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deaths per million population, second only to the United Kingdom (5, 17-19). Overall, 

Australia is one of many countries heavily burdened by mesothelioma. 

 

 

Diagram 2. Mesothelioma age-adjusted incidence rates per 100,000 in Australia between 

1982-2010. Incidence rates for men peaked in 2002 at 4 per 100,000 population, or 40 per 

million population, demonstrating the significantly higher rate at which men are affected 

more than women. Diagram extracted from Bianchi and Bianchi (16). 

 

2.2.1.2 Incidence of mesothelioma in the rest of the world 

 An estimated 3,000 deaths occur each year in the United States of America 

(USA), which remains consistent with the cases documented between the years 2003 

and 2008 (2, 19, 20). During this time, the average total incidence rate in the USA 

was 10 per million, a decrease from 12 per million between 1995 and 2000. Despite 

this reduction, however, areas high in asbestos consumption continue to maintain 

incidence rates exceeding 15 per million (2, 18, 19, 21, 22).  
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In the United Kingdom (UK), mortality rates have increased more than 10-

fold, and incidence rates by nearly 500% since the 1970s (14, 23). In 2001, 1,848 

cases were reported in the UK, with this number rising to 2,667 in 2013, alongside 

2,429 associated deaths (18). Between the years 1999 and 2001, the UK had a 

staggering mortality rate of 70.9 per million (18). Even today, mortality rates remain 

at 17.8 per million population, meaning mesothelioma now accounts for more than 

1% of total cancer deaths in the UK (5). Peak mortality rates were believed to have 

occurred in 2016, with rates predicted to fall after that time, however no up-to-date 

data is available to confirm this (23). Although there was no reduction in incidence 

rates for men between 2000 and 2011, the rates remained relatively stable at 33 per 

million population (16, 18, 19, 22). Overall, mesothelioma is estimated to cause 

91,000 deaths in the UK between 1968 and 2050, with two-thirds of these deaths 

occurring after 2007 (23). 

In Western Europe, approximately 5,000 cases are diagnosed every year, with 

an incidence rate of 20-30 per million (19, 22, 24). Additionally, around 5,000 deaths 

per year occurred between 1994 and 2008, totaling 70,000 deaths and accounting for 

more than half of all global mesothelioma deaths during that time (4, 5, 25).  

 

2.2.1.3 Future trends 

Despite the fall in asbestos use in many countries following the discovery of 

its carcinogenicity, the general worldwide peak of mesothelioma cases is expected to 

occur between 2015 and 2020 (22, 24). This is expected to be even later in countries 

such as China and Russia, where national bans are yet to be imposed. However, 

incidence rates are believed to have already reached their peak in numerous countries, 

such as the U.S., despite there being no ban on asbestos. In the USA, this is likely 
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attributable to the implementation of asbestos regulations in 1991 by the 

Environmental Protection Agency. Although several common materials including 

cement flat sheets, pipeline wrap and roof coating still remain in use, it is likely that 

the outcome of regulating the use of asbestos-containing materials may only now be 

starting to show (26). The same may be true for other countries that have also 

introduced regulations despite a lack of a complete ban. 

Future projections of mesothelioma rates using Surveillance, Epidemiology, 

and End Results (SEER) data estimate that between 68,000 to 72,000 cases 

worldwide will occur over the next 4 decades (27, 28). In Australia, these predictive 

statistics are similarly large, with 18,000 cases expected to be diagnosed between 

2002 and 2020, and an additional 12,000 cases predicted to occur in the 20 years 

following (17, 28). Deaths in Western Europe are set to almost double over a period 

of 20 years from 5,000 up to 9,000 by 2018 (25).  

 

2.2.2 Causes of mesothelioma 

 Asbestos exposure is the most common cause of mesothelioma, accounting for 

approximately 80% of all cases. Almost 20% of individuals who develop 

mesothelioma, however, have no reported exposure to asbestos, indicating that other 

factors are likely to contribute to its development. (29). These additional factors 

include ionising radiation, hereditary genetic mutations, and Simian-virus 40 (SV40). 

 

2.2.2.1 Asbestos  

 Asbestos exposure is the primary risk factor for mesothelioma, with more than 

80% of all cases being attributable to asbestos fiber exposure (30). Asbestos is one of 

eighty-seven Group 1 carcinogens, as classified by the International Agency for 
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Research on Cancer, and has long been established as a cause of mesothelioma (31). 

Following the first demonstration of this causal link in 1960 by Wagner et al. (32), 

further studies, including eight case-controlled studies between 1965-75 (33) and 43 

cohort mortality studies (34), definitively confirmed the association.  

Asbestos is described not just as a single fiber, but as a class of silicate 

minerals consisting of six different fiber types that fall into either the amphibole or 

serpentine family (35). The serpentine family of fibers, consisting only of chrysotile, 

is described as a pliable spiral-shaped fiber (Image 1a), while the amphibole family, 

consisting of amosite, crocidolite, actinolite, anthophyllite and tremolite, is rigid and 

straight (Image 1b) (21). Chrysotile is commonly known as white asbestos, and 

accounts for 95% of all asbestos used throughout the world (36) while amosite and 

crocidolite (brown and blue asbestos, respectively) of the amphibole family have 

derived the most use industrially. Interestingly, amphibole fibers, particularly 

crocidolite, have an increased ability over serpentine fibers to penetrate the lung tissue 

and enter the pleura (21, 30, 35).  
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a)      b) 

Image 1. Chrysotile and Anthophyllite are from the two classes of asbestos fibers. a) The 

serpentine family of fibers, consisting only of chrysotile, is spiral-shaped and pliable in nature 

(1000x) b) The amphibole family of fibers, which includes anthophyllite, are rigid and 

straight (500x). Images extracted from the University of British Columbia (37, 38).  

 

Asbestos inhalation and contact is most commonly the result of occupational 

exposure. Commercial and large-scale asbestos use and manufacturing began in the 

1870s following the beginning of the Industrial Revolution, and by the early 1900s, 

had become widespread, with annual worldwide rates of asbestos use exceeding 

30,000 tonnes (Table 1) (39). Australia was among the many countries that relied 

heavily on asbestos, and in the 1970s, AustraliaÕs consumption peaked at 70,000 

tonnes per year (Diagram 3). As a result of its extensive use, Australia subsequently 

has one of the highest incidence rates of mesothelioma in the world.  

Because of the male-dominated workforce associated with the handling and 

use of asbestos-containing materials, the risk fraction for occupational exposure is 

understandably higher for men than women. The risk fraction of mesothelioma that is 
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attributed to occupational asbestos exposure is 80% for men compared to only 40% 

for women (24, 30). While asbestos exposure was originally associated with the 

handling of raw materials, the last 10 years has seen a shift towards end-users such as 

builders and electricians who are exposed to asbestos through pre-existing, older 

structures (24).  

 

     

Diagram 3. Amount of asbestos used in Australia between 1900 and 1985. Asbestos 

consumption peaked between 1970-1979 during which time asbestos use exceeded 70,000 

tonnes per year. Diagram extracted from Leigh et al. (17). 
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Table 1. Asbestos use per capita throughout the 20th century and status of national bans. 

Table extracted from the WHO (40). 
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2.2.2.2  Erionite 

Erionite, a fiber similar to asbestos, is a naturally occurring mineral fiber, and 

although less widespread, is believed to be more carcinogenic than asbestos, causing 

higher rates of mesothelioma (41, 42). Erionite is part of a group of aluminosilicate 

minerals called zeolites, and it too is classified as a Group 1 carcinogen (36, 43). 

Erionite is most commonly seen in volcanic tuffs that have been modified and 

transformed by weather and water, and as fibrous masses formed on rock formations 

(43). The first evidence of the carcinogenic effects of erionite leading to 

mesothelioma was documented by Baris and colleagues in 1978 and Simonato and 

colleagues in 1989 (44, 45). The evidence was derived from observations made within 

three Turkish villages in the region of Cappadocia (Sarihidir, Tuzkšy, and Karain) 

following particularly high incidence rates of mesothelioma in the late 1970s (43). 

The authors found that in the village of Karain, 108 cases were documented between 

1970-87, the equivalent of around 800 cases per 100,000 population per year, and was 

more than 1000 times the rate of the general population in industrialised countries. In 

the village of Tuzkšy, a similarly large burden of disease was observed, with an 

estimated incidence rate of mesothelioma at 220 per 100,000 people (43).  

Animal studies have since also demonstrated the association between erionite 

and the development of mesothelioma, with several demonstrating a link between 

mesothelioma development and erionite exposure. (42, 46). Results of one particular 

study documented mesothelioma rates upwards of 90% following intrapleural and 

intraperitoneal erionite injections into rats (46). The production of such high rates of 

mesothelioma following erionite exposure is likely due to the greater intrinsic surface 

area of the fiber, which in turn increases the potency of erionite compared to asbestos 

(46). 
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More recent studies of humans have found similar results, such as a 

prospective study undertaken between 1965 and 1997 that followed 162 individuals 

who emigrated from Karain to Sweden in the 1960s. Of the 18 individuals who died 

during this time, 14 of them (78%) died due to mesothelioma (47). Compared to the 

general Swedish population, the annual incidence rates of mesothelioma in that 

particular cohort was 135 times higher for males and 1336 times higher for females 

(47). 

 

2.2.2.3 Radiation 

Ionising radiation is an established human carcinogen, and despite its 

therapeutic use, is a known risk factor for several cancers, including solid tumours 

and haemotological malignancies (48). Unsurprisingly, radiation also represents a 

potential risk factor for mesothelioma. There are three primary sources of radiation 

exposure that are commonly associated with cancer development: 1) exposure to the 

x-ray contrast medium thorium dioxide, 2) therapeutic radiation, and 3) chronic 

exposure of low levels of radiation in nuclear workers (48, 49).  

Because thorium oxide is insoluble and unable to be excreted, it remains 

within tissues following injection, and continues to decay.  Evidence of the 

association between radiation and mesothelioma is based on several case studies (50-

52) and large-scale cohort studies utilising population-based registries, including 

SEER data (53-55). Cohort studies in several countries, including the U.S., Japan, 

Denmark and Sweden, have documented the development of mesothelioma decades 

after exposure to thorium oxide in patients treated with breast, testicular and cervical 

cancer (53, 56-58). One particular study by De Bruin et al. (58) looked at the risk for 

malignant mesothelioma in 2567 patients following 5 years survival of Hodgkin 
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lymphoma, and concluded that there was almost a 30-fold increased risk of 

mesothelioma in patients treated with radiotherapy compared to the general 

population. 

Despite several large-scale studies and case reports linking radiation exposure 

to mesothelioma, a similarly large retrospective study looking at more than one-

quarter of a million women registered with the National Cancer Institute.  Women 

who had either breast cancer or HodgkinÕs disease showed no significant association 

between radiation therapy and mesothelioma development (21). As a result, the 

association between radiation and mesothelioma remains inconclusive, and may 

suggest that the development of mesothelioma following radiation is more strongly 

associated with some primary cancers more than others. 

 

2.2.2.4 SV40 

 SV40 is a controversial pathogen linked to mesothelioma development. SV40, 

a polyomavirus, was one of 40 viruses that were used to infect the kidney cells of 

Macaque monkeys used to develop early batches of the polio vaccine in 1952 (7). The 

association between SV40 and mesothelioma began following the identification of 

SV40-like DNA found in human tumours, including mesothelioma, with some 

evidence suggesting that SV40-derived Salk polio vaccines administered between 

1955 and 1963 may have been the primary means of SV40 transmission into humans 

(7, 21). Along with other cancers such as brain cancers, non-HodgkinÕs lymphoma 

and bone sarcoma, 50-60% of mesotheliomas have been identified as containing 

SV40 viral gene sequences and may contribute to disease progression (21, 29).  
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2.2.3 Clinical presentation of mesothelioma 

As a result of the long latency period, symptoms and clinical presentation of 

mesothelioma are not present until the advanced stages of the disease. The most 

commonly presenting symptoms are dyspnea, wheezing, and chest pain, which are 

seen in more than half of all patients with mesothelioma (24). Pneumothorax, weight 

loss and fatigue are also common (24). Dyspnea is the result of partial or incomplete 

inflation of the lung, as well as pleural fluid accumulation within the thoracic cavity 

causing impaired movement of the diaphragm and difficulties in breathing (7, 24). 

Symptomatic chest pain is associated with local invasion of the tumour into the 

thoracic wall where various nerve fibers are present (7). Invasion and pressure placed 

on brachial, thoracic and autonomic nerves within the chest wall causes sensations of 

dull, diffuse or lateralised pain that radiates out to the arms and shoulders (24).  

Invasiveness of mesothelioma can become diffuse and spread to neighbouring 

organs, such as the pericardial space, peritoneum, and contralateral lung. Invasion of 

the pericardium can cause diaphragmatic problems, heart arrhythmias and 

compression of the heart caused by fluid accumulation within the pericardial sac. 

Pleural effusion results when the contralateral lung is affected, while metastases to the 

peritoneum can lead to fluid accumulation, constipation and possible bowel 

obstruction (24). 

 

2.2.4 Mesothelioma mutations  

Although specific gene mutations have not definitively been associated with 

mesothelioma, a number of studies undertaken in recent years have suggested that 

some mutations, such as Breast Cancer susceptibility gene 1 (BRCA1) Associated 



 37 

Protein 1 (BAP1) and Neurofibromatosis type 2 (NF2) genes may play a role in 

mesothelioma initiation and development. 

 

2.2.4.1 BAP1 gene 

BAP1 is a tumour-suppressor gene with roles in ubiquitination, cell cycling, 

gene transcription, and DNA repair (59). Mutations in this gene predispose 

individuals to what is known as ÔBAP1 cancer syndromeÕ, a syndrome characterized 

primarily by high incidences of both peritoneal and pleural mesothelioma, but also 

atypical melanocytic lesions and uveal melanomas (60). One study in 2015 identified 

that the prevalence of these cancers in a BAP1-mutated cohort was almost 64% 

compared to only 9.1% for the non-mutated cohort, and that the odds ratio of 

developing these cancers in the mutated cohort was 17.39 (61). Furthermore, a study 

in the same year reported that 63.6% of sporadic mesothelioma cases, that is, 

mesothelioma that occurs in individuals without germline BAP1 mutations, were 

attributed to somatic BAP1 mutations (62).  

Interestingly, all known carriers of the BAP1 mutation studied so far have 

resulted in the development of some form of malignancy by the time carriers reach 55 

years of age, strongly linking the mutation to cancer development (63). Such an 

observation was supported by Bononi et al. (60), noting that of all the mesothelioma 

patients that theyÕd encountered with germline BAP1 mutations, none were 

occupationally exposed to asbestos. This alluded to the fact that BAP1 mutations may 

represent a significant step in contributing to mesothelioma in non-asbestos exposed 

individuals. 
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2.2.3.2 NF2 gene 

The single most consistent chromosomal change that occurs in mesothelioma 

is in chromosome 22. NF2 is a gene located on chromosome 22q12, and encodes for 

the tumour suppressor Merlin. Merlin interacts with various proteins and is involved 

with signal transduction pathways, including mammalian target of rapamycin 

(mTOR) pathways. Merlin mediates cell proliferation through inhibiting mTOR, such 

that when NF2 mutations that cause the loss of Merlin occur, mTOR signaling is 

activated and subsequently up-regulates mitogenic signaling and cell proliferation 

(64).  

Mutations in NF2 have been identified in around 40% of mesotheliomas (65), 

with its role in mesothelioma development initially supported in a study of mice 

expressing a loss of one of the two NF2 alleles (NF2 +/-). The study demonstrated 

that accelerated tumour development occurred faster in these mice compared to mice 

that expressed both functional NF2 alleles (NF2 wild-type) (66). Later experiments 

demonstrated that re-expression of this gene resulted in inhibition of invasiveness of 

tumour cells (67). Interestingly, in NF2 +/- mice, the remaining NF2 allele is lost in 

asbestos-induced tumours, alluding to the fact that the gene may play a key 

ÔgatekeepingÕ role in asbestos-attributed mesothelioma (68).  

The mTOR pathway has previously been identified as a potential therapeutic 

target, following studies showing that Merlin-negative cells were increasingly 

sensitive to rapamycin, an mTOR inhibitor, compared to Merlin-positive cells (69). 

Numerous phase II clinical trials have examined the oral mTOR inhibitor, everolimus, 

as a second- and third-line treatment for mesothelioma, however trials deduced that its 

use had limited clinical activity. This lead to the conclusion that studies involving 

everolimus as a single agent were no longer warranted (70). 
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2.2.5 Diagnosis of malignant mesothelioma   

 The latency period associated with mesothelioma is extensive, averaging 40 

years, however it can be as short as 16 years or as long as 70 years (24, 71, 72) 

Because of the long latency period, the median age at diagnosis is 69 years (24).  

The unfortunate reality of mesothelioma development dictates that the time 

frame between the first appearance of symptoms and subsequent diagnosis is only 2 to 

6 months (7, 24). Early diagnosis of mesothelioma is a particularly difficult process, 

primarily due to the lack of definitive biomarkers and late-onset symptoms. The late- 

onset of symptoms delays patients from seeking medical attention in the earlier stages 

of disease, and due to their often insidious and non-specific nature, patient symptoms 

alone are insufficient to diagnose mesothelioma.  

Since mesothelioma shows no overt clinical presentation until the late stages 

of malignancy, diagnosis most commonly occurs in the late stages of disease either as 

a result of individuals presenting to their general practitioner following symptomatic 

pain, or inadvertently following patient admission to hospitals for unrelated 

conditions (73). There is currently no standard procedure for diagnosing early stage 

mesothelioma (74) and only few procedures and tools exist that are able to confirm 

and differentiate it from other cancers and benign lesions (73, 75). As such, various 

and ranging diagnostic tools or procedures are often used in conjunction with one 

another to provide a more definitive diagnosis of the disease (Table 2a and 2b).  
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Table 2a. Diagnostic tools, specific tests/procedures and confirmatory tests that should be 

considered in all patients presenting with symptoms of malignant mesothelioma. Adapted 

from van Meerbeck et al. (24) 

Diagnostic Tool Specific Test/Procedure Confirmatory tests 

 

Physical examination  

 

 

Radiological investigations  

 

 

Blood tests  

 

 

Presence or absence of 

Òshrinking hemithoraxÓ, 

cutaneous nodules, etc.  

Chest X-ray: PA/lateral  

 

 

Hemoglobin, leukocytes, 

platelets, basic biochemistry  

 

As appropriate  

 

 

Chest X-ray: in-/expiration, 

pre-/post-drainage of pleural 

fluid 

 

 

Table 2b. Diagnostic tools, specific tests/procedures and confirmatory tests that should be 

considered in all patients likely to receive treatment for malignant mesothelioma. Adapted 

from van Meerbeck et al. (24) 

Diagnostic Tool Specific Test/Procedure Confirmatory tests 

  

Primary tumour  

 

CT scan of chest and upper 

abdomen  

 

 

Pulmonary function tests  

 

Adequate biopsy for histology 

confirmation  

Spiral technique, with iv contrast, 

including at least level of both 

kidneys after drainage of pleural 

fluid  

Forced vital capacity (FVC), 
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Bone scan  

 

 

Brain CT/MRI  

forced expiratory volume in 1 sec 

(FEV1)  

Not routine, to be considered on 

clinical suspicion of 

dissemination only  

 

 

 

 

 

 

CT/MRI to confirm 

dubious findings  

 

2.2.5.1 Imaging techniques 

Although there is no consensus on which diagnostic tool is best for diagnosing 

mesothelioma, imaging techniques such as chest computer tomography (CT) or X-ray 

are often used in initial diagnostic procedures.  

X-rays are a common tool used in initial diagnoses, particularly in patients 

presenting with chest pain and dyspnea. CT is equipped at identifying additional 

features characteristic of malignant growth from benign pleural disease (73, 76), 

while magnetic resonance imaging (MRI) and positron emission tomography (PET) 

scans are considered the most useful tool for diagnosis when determining appropriate 

treatment options. PET is able to detect involvement of lymph nodes, contralateral 

chest wall involvement, and distant metastases, and is therefore able to dictate 

treatment plans. Additionally, MRI scans are able to detect the spread of 

mesothelioma to chest wall structures such as the diaphragm and mediastinum, which 

can then be used to identify patients who would benefit most from surgery (7, 8).  

 

2.2.5.2 Fluid cytology and biopsies 

Pleural fluid analysis, although limited in its diagnostic capacity when used 

alone, may be useful in a small number of cases (20-33%). Fluid analysis can be 
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undertaken via thoracocentesis (7), however it cannot differentiate between benign 

and malignant growth (8, 76). The most effective form of diagnosis is suggested to be 

a combination of initial imaging techniques such as CT or PET scans, followed by 

CT- or ultrasound-guided pleural thoracoscopy biopsies (7, 8, 76). The use of guided 

core biopsies significantly improves the sensitivity and accuracy of diagnosis to 

around 87%, while the use of video-assisted thoracoscopy can increase accuracy to as 

much as 95% (7).  

 

2.2.5.3 Immunohistochemistry 

Following core-guided biopsies, immunohistochemistry is further required. 

Immunohistochemistry allows for the identification of tumour subtypes, which 

strongly influences treatment plans and prognosis. Mesothelioma is morphologically 

similar to adenocarcinomas, being malignant tumours that form from glands in 

epithelial tissue, and as such, mesothelioma is commonly misidentified as 

adenocarcinoma. The use of immunostaining of biopsied specimens allows for this 

distinction. Mesothelioma can be characterised by calretinin and vimentin in 88% and 

50% of cases, respectively, while adenocarcinomas can be characterised by 

carcinoembryonic antigen (CEA) and CD15 in 84% and 77% of cases, respectively 

(7, 77).  

Immunohistochemistry can also distinguish between tumour subtype, an 

important distinction that can affect treatment options and chance of survival. 

Epitheloid mesothelioma is the most common, accounting for around half (~50%) of 

all cases, while sarcomatoid and biphasic subtypes account for approximately 16% 

and 34% of cases, respectively (7). While epitheloid subtypes are associated with the 
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best prognosis, sarcomatoid is considered the most aggressive subtype, and represents 

the lowest chance of survival (7). 

 

2.2.5.4 Diagnostic criteria 

Guidelines used to diagnose mesothelioma are narrow. Several specific 

criteria must be met in order to make a definitive diagnosis, including 

immunohistochemical and histological confirmation of feature characteristics, the 

presence of proliferation in pleural fluid, and the absence of masses indicative of 

other tumours (8, 78). However, there is no current universal system used to 

uniformly and robustly identify the different stages of the disease. The most 

commonly used system is that of the tumour, node, metastasis (TNM)-based Union 

for International Cancer Control classification. This system is used to describe the 

primary tumour site, lymph node involvement, and the presence or absence of 

metastases. It is also used to classify the extent or ÔstageÕ of cancer (79).   

 

2.2.5.5 Survival following diagnosis 

In terms of survival following diagnosis, the average survival time is 

approximately one year (35, 80, 81), however rates have been documented to be as 

low as 4 months (82, 83). These averages are in part related to late-onset symptoms, 

as well as the performance stage and histological subtype of the tumour. Biphasic and 

sarcomatoid subtypes show decreased survival of 8 and 4 months compared to 

epitheloid, which has an average survival time of 13 months (83). Unfortunately, 

surviving past the one-year average provides no significant indication of overall 

chances of survival, with survival rates at 3 years being 12% (83), and at 5 years just 

5% (4, 24). 
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2.2.6 Current treatment for malignant mesothelioma  

Mesothelioma is incurable, and while several treatment modalities exist, such 

as chemotherapy, surgery and radiation, these options provide little relief to patients. 

Treatments are generally considered to be ineffective, showing only modest 

improvements in survival time without causing changes to final outcomes.  

 

2.2.6.1 Chemotherapy 

 Chemotherapy represents one of the only forms of therapy that has proven 

beneficial in terms of extending survival time (73). Various drugs that are currently in 

use include Cisplatin¨, Pemetrexed¨, Gemcitabine¨ and Carboplatin¨ (84). 

Pemetrexed¨ is a folate multi-pathway inhibitor that inhibits deoxyribonucleic acid 

(DNA) replication (85), while Cisplatin¨, is a platinum analog that interfering with 

DNA repair mechanisms to induce apoptosis (86).  

A trial conducted in 2003 found that when Pemetrexed¨ and Cisplatin  ̈were 

used in combination, it was more effective than Pemetrexed¨ alone at increasing 

patient survival time for those with pleural mesothelioma. Survival rates increased 

from 9.3 months to 12.1 months when both chemotherapeutic drugs were 

administered (87). While Cisplatin¨ and Pemetrexed¨ combination therapy remains 

the first line treatment in patients with inoperative pleural mesothelioma, several 

recent clinical trials, including a Phase II/III clinical trial by Zalcman et al. (88) in 

2010, explored Pemetrexed¨ and Cisplatin¨ in combination with a third 

chemotherapy agent. Results from this trial suggested that the addition of 

bevacizumab, a monoclonal antibody that targets vascular endothelial growth factor 

(VEGF) to inhibit angiogenesis, significantly increased disease control compared to 

Cisplatin¨ and Pemetrexed¨ alone (73, 88, 89).  
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2.2.6.2 Surgery  

The surgical removal of mesothelioma is aimed primarily at removing as 

much of the tumour as possible. Pleurectomy is the most common choice of surgery, 

however residual microscopic disease often remains, following even the most 

successful resection (60). Extrapleural surgeries, and surgeries used in conjunction 

with hyperthermic intraperitoneal chemotherapy (HIPEC), may also be used in 

mesothelioma patients, however these techniques are not without limitations. Data has 

shown both extrapleural and HIPEC have been associated with local relapse and 

morbidity rates as high as 5%, despite there being no significant increase in survival 

time (8). Furthermore, surgery is not a curative option, with evidence suggesting that 

it is nearly impossible to resect the tumour completely, regardless of the method used 

(8, 90). As such, the use of surgery is employed primarily as a means of reducing pain 

and controlling the disease where possible, and as a secondary treatment where 

chemotherapy fails (8).  

 

2.2.6.3 Recent and current clinical trials  

Because of the very limited success that current chemotherapeutic drugs have 

on mesothelioma patients, many drugs over the last few years have been assessed as 

novel treatments. While many have demonstrated modest responses as either first- or 

second-line treatments in phase I and II trials, very few have made it to phase III 

clinical trials. Several avenues of development have been examined, including kinase 

inhibitors, monoclonal antibodies, and combination therapy. 

Sunitinib¨, a tyrosine kinase inhibitor, targets VEGF receptors 1, 2 and 3 

(VEGFR1-3) and platelet derived growth factor (PDGF) receptors alpha and beta 

(PDGFR-$, #). Although it has previously been used in a combination therapy for 
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breast cancer, metastatic renal cell carcinoma and metastatic gastric cancer (84), 

Phase II monotherapy trials demonstrated that patients had a median overall survival 

(OS) of 8.3 months. Only four of the 22 mesothelioma patients showed partial 

responses (PR), with PR defined as at least a 50% reduction in tumour size (91). 

A second novel drug, the monoclonal antibody Bevacizumab¨, has also been 

assessed in randomised, Phase II trials. One Phase II front-line trial demonstrated that 

when used in combination with a platinum analog and gemcitabine, patients who had 

lower levels of serum VEGF experienced an increased OS benefit compared to those 

treated with platinum and gemcitabine alone (92). 

 In addition to Pemetrexed-̈Cisplatin¨ combination therapy, a completed 

Phase I clinical trial was undertaken using Cediranib-Pemetrexed-̈Cisplatin¨. 

Cediranib, a potent inhibitor of VEGF receptor tyrosine kinases, has entered Phase II 

clinical trials following a median OS of 16 months and an relative response (RR) of 

53% (6, 85, 93, 94). This is an encouraging result considering the clinical trial for 

Pemetrexed-̈Cisplatin¨ treatment achieved a median OS of 12.1 months in treated 

patients (95). 

 Overall, although a number of clinical trials using molecular inhibition have 

been underway in recent years, few have shown promising results. Several studies 

have made it to Phase III trials, however no new drug or combination therapy has 

been approved for human use as a chemotherapeutic drug since Pemetrexed¨ and 

Cisplatin¨ in 2003 (96). 

 

2.2.6.4 Radiotherapy  

Radiation is the process of using ionising radiation to kill, or control the 

growth of cancer cells (97). It is usually delivered as an external beam from a linear 
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accelerator through photons in the form of electromagnetic energy, and is aimed at the 

site of the tumour (97). Radiation causes damage to the surrounding viable tissue, 

however, and can result in myocarditis, inflammation of the myocardium of the heart, 

and myelopathy. (60). This process of treatment is used to treat mesothelioma in some 

cases, however its use is uncommon, particularly as a means of tumour reduction. 

This is due to the difficulty in administering radiation to the entire tumour as a result 

of its diffuse growth that surrounds the lung, as well as causing severe side effects 

from the need for such widespread irradiation (7, 60). As a result, radiotherapy is used 

almost exclusively in palliative care, primarily as a means of decreasing symptoms of 

pain, or infrequently used as adjuvant treatment alongside surgery (60, 73). 

 

2.2.7 Potential diagnostic biomarkers 

Mesothelioma represents a complicated and difficult cancer to treat. There has 

been a particularly strong emphasis by researchers in recent years to identify potential 

biomarkers that may aid in diagnosis, early identification, and development of more 

efficacious drug treatments. While no single biomarker has been definitively 

identified as indicating the presence of mesothelioma, many studies have examined a 

number of potential biomarkers, including osteopontin (OPN), mesothelin or soluble 

mesothelin-related protein (SMRP), and high mobility group box 1 (HMGB1) protein. 

 

2.2.7.1 SMRP 

 Mesothelin, or SMRP, is a phosphatidylinositol-anchored surface protein 

found on mesothelial cells, particularly those that form the pleural, pericardial and 

peritoneal linings (98). It is well known that SMRP is highly expressed in particular 
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cancers, including mesothelioma, and as such has been suggested as a potential 

biomarker of malignant pleural mesothelioma (MPM) (98).  

A retrospective study by Muley et al. (77) in 2013 found that compared to 

individuals with benign asbestos disease or lung cancer, mesothelin levels were 

significantly higher in those with MPM, and there was no significant difference in 

mesothelin levels between lung cancer patients or those with benign asbestos disease. 

Conversely, a separate study found that there was no significant difference between 

MPM patients and control patients in mean SMRP levels (99). Furthermore, while 

one study identified higher SMPR levels in MPM patients as having a poorer 

prognosis than those with lower levels, another study paradoxically found that those 

with higher levels of mesothelin had a better prognosis (99, 100).   

 

2.2.7.2 OPN 

 OPN is a glycoprotein that is overexpressed in various cancer types, including 

breast and ovarian cancer, and mesothelioma. OPN mediates cell signaling and cell-

matrix adhesion, and thus with increased expression comes increased tumour growth, 

invasion and metastases (98).  

Numerous studies have suggested that OPN may be a potential biomarker. 

One study reported that serum OPN levels were higher in those with MPM compared 

to healthy subjects and asbestos-exposed individuals, suggesting that OPN could be 

used to differentiate stage I mesothelioma from asbestos-exposed individuals (100, 

101). Furthermore, a 2011 study identified OPN combined with mesothelin as having 

increased sensitivity and specificity in identifying and diagnosing MPM than when 

either were used alone (98). This finding has been challenged, however, with Grigoriu 

et al. (100) arguing that using both proteins as markers has no greater accuracy than 
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mesothelin alone. Some contest that serum OPN levels have been not been shown to 

significantly differ between MPM and benign asbestos-related processes and diseases 

(102), while others identify weaknesses in the research, such as a lack of controls and 

lack of comparisons between MPM, pleural tumours, and asbestos-related diseases 

(103). These findings therefore suggest that OPN may be limited in its ability to 

identify MPM and function as a specific diagnostic marker.  

Overall, there is much conflicting evidence surrounding OPN, particularly 

when considering that OPN levels are also increased in other pulmonary diseases and 

tumours such as non-small cell lung cancer (104). Therefore, while SMRP may be 

used postoperatively to identify recurrent disease (6), the utility of OPN as a 

diagnostic biomarker in MPM remains doubtful. 

 

2.2.7.3 HMGB1  

 HMGB1, a nuclear and damage associated molecular protein (DAMP), plays 

an important role in DNA transcription and cell growth, and particularly in mediating 

inflammation. Because of its suggested role and involvement with toll-like receptor 4 

(TLR4) and cell proliferation in malignant mesothelioma, HMGB1 as a biomarker 

and therapeutic target remains a popular theory. Various studies have examined 

whether there is an association between HMGB1 in those with and without MPM, in 

an attempt to confirm its value as a biomarker.  

Tabata et al. (105) undertook a study examining the level of HMGB1 in those 

with MPM, individuals with benign asbestos-related disease, and those exposed to 

asbestos but were otherwise healthy. While HMGB1 levels were significantly higher 

in those with MPM, there was no significant difference between HMGB1 levels and 

mesothelioma stages or subtypes. There was also no significant difference between 
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HMGB1 levels for MPM and lung cancer involving malignant pleural effusion (105). 

Despite the difference between those with MPM and those without, the comparable 

levels of HMGB1 in mesothelioma and lung cancer makes differentiating MPM from 

other similar cancers difficult. 

 A second study looked at HMGB1 as a clinical biomarker, and conversely 

found that HMGB1 levels of thirty-one stained biopsies were significantly correlated 

with tumour stage, where more advanced stages showed increased levels of HMGB1 

(106). Furthermore, the researchers found a significant increase in HMGB1 levels in 

the blood of mesothelioma patients compared to healthy gender- and age-matched 

individuals (106). While the results were indicative of HMGB1 as a novel biomarker, 

HMGB1 is also a hallmark of general inflammation. There is increasing evidence 

suggesting it is strongly related to the biology of all cancers that involve 

inflammation, and because of this, its use as a biomarker specific to mesothelioma 

alone is unlikely. This study was able to demonstrate that HMGB1 inhibition using 

various antagonists caused significant apoptosis in the primary neural progenitor cell 

line known as REN, providing preliminary evidence of its therapeutic potential (106). 

Although HMGB1 may be a potential therapeutic biomarker in REN cell lines, such 

results are not necessarily analogous in mesothelioma cell lines. 

Lastly, one in vivo analysis study using mesothelioma xenographs in severe 

combined immunodeficient (SCID) mice showed that those inoculated with the REN 

cell line exhibited reduced tumour growth following HMGB1 antagonist treatment 

that subsequently increased mouse survival time by approximately 15% (106). 

Overall, HMGB1 represents one of several popular theories regarding the 

involvement of particular molecules in mesothelioma development. Furthermore, the 

interactions between HMGB1 and toll-like receptors (TLRs), particularly TLR4, have 
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been investigated in recent years as being potentially involved in mesothelioma 

development. 

 

2.2.8 Toll-like receptors  

TLRs are a family of class I trans-membrane glycoproteins that play a 

fundamental role in the recognition of pathogenic ligands and the activation of the 

innate immune system (107, 108). TLRs are pattern recognition receptors (PRR) 

expressed on or in all cells that function to recognize pathogen-associated molecular 

patterns (PAMPs). Recognition of PAMPs initiates downstream, intracellular 

signaling pathways that mediate the production of cytokines and other inflammatory 

mediators necessary for an immune response (109). TLRs exhibit different 

functionality and patterns of expression in different tissues, such as TLR3, an 

endosomal receptor ubiquitously expressed in normal cells, which differs vastly from 

TLR4, a cell surface receptors expressed at considerably lower levels in almost all 

tissue except for the lungs (108). Furthermore, each TLR is ligand-specific; TLR1/2 

recognises and binds lipopeptides, TLR3 recognises double-stranded DNA (dsDNA), 

TLR4 binds lipopolysaccharide (LPS), TLR7/8 binds single stranded RNA (ssRNA), 

and TLR 9 recognises unmethylated cytosine/guanine base (CpG) motifs (108). 

Although TLRs have a predominantly protective role in the body, these receptors 

have been linked to numerous forms of cancer as a result of their involvement in 

chronic inflammation. TLR5 has been associated with Heliobacter pylori-induced 

gastric cancer (110), while TLR4 has been associated with colon cancer (108). As a 

result, despite having a primarily protective role within the body, TLR-associated 

cancers demonstrate the detrimental effects these receptors may have if mutations 

arise. Interestingly, some research suggests that alongside colon cancer, TLR4 may 
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also be involved in the development of mesothelioma, an assertion that has not been 

widely studied.  

 

2.2.8.1 TLR4 

TLR4 is one of several cell surface receptors expressed on various cell types 

including endothelial and smooth-muscle cells, macrophages, and airway epithelia 

(111).  TLR4 is primarily associated with LPS, a bacterial ligand that binds to TLR4, 

and triggers a downstream signaling cascade that leads to the activation, transcription 

and release of pro-inflammatory cytokines and interferons through the Nuclear Factor 

Kappa-light-chain-enhancer of activated B cells (NF-!B ), c-Jun N-terminal Kinase 

(JNK), p38 and Interferon Regulatory Factor 3 (IRF3) pathways (Diagram 4) (107, 

108, 112-114). When binding of LPS to TLR4 occurs, intracellular TLR4 domains 

dimerise and interact with adapter molecules including the Myeloid Differentiation 

primary response gene 88 (MyD88), and Toll-interleukin 1 receptor (TIR)-domain-

containing adapter-inducing Interferon-#/Toll-like Receptor 4 Adaptor protein 

(TRIF/TRAM). MyD88 activates Interleukin-1 Receptor-Associated Kinase (IRAK) 

4/1/2, Tumour Necrosis Factor (TNF) Receptor Associated Factor (TRAF) 6, and 

Transforming growth factor beta-Activated Kinase 1 (TAK1). This leads to p38- or 

JNK-activated cytokine production, or the proteosomal degradation of Inhibitor of 

Kappa-B (I!B) that results in NF-!B release and translocation into the nucleus. 

Furthermore, while the TRIF/TRAM pathway can signal via Receptor-Interacting 

serine/threonine-Protein kinase 1 (RIP1) to TRAF6 to converge with the previous 

pathways, it can also signal via TRAF3 to activate IRF3, leading to an anti-viral 

response and interferon production (108, 114). 
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During mesothelioma development, TLR4 activation and downstream 

signaling is believed to occur through binding of HMGB1 to the TLR4 receptor rather 

than by LPS. HMGB1, a nuclear protein, is initially released from the intracellular to 

the extracellular space of cells undergoing necrosis due to cellular insult or stress. 

HMGB1 then binds back onto the TLR4 receptor of neighbouring mesothelial cells, 

producing sustained survival signals when normal cell death would occur, and 

gradually leading to malignant and genetically mutated mesothelial cells. 

 

 

Diagram 4. Downstream activation of JNK, NF-!B and IRF3 pathways occurs following 

HMGB1-binding to TLR4. HMGB1 is released from necrotic mesothelial cells and bind to 

TLR4 on neighbouring cells. This initiates the activation of numerous downstream signaling 
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pathways, including those involving NF-!B, JNK and IRF3 pathways, resulting in 

inflammation, cell survival signals and proliferation. Diagram extracted from Mogensen et al. 

(115). 

 

2.2.9 The role of HMGB1 in mesothelioma 

HMGB1 has been suggested to be associated with the development of 

mesothelioma, and is noted as both a critical initiator of chronic inflammation and a 

potential biomarker (36, 106, 116, 117).  

HMGB1 is a highly conserved nuclear protein found in nearly all cells of the 

body, and is actively released into the extracellular space by immune cells or 

passively following cell death or apoptosis by non-immune cells (118, 119). Its 

physiological role within cells ranges from its chaperone abilities in DNA replication, 

transcription, recombination and repair, to its effects on tissue homeostasis and 

inflammation (36, 118). 

Following mesothelial inflammation and necrosis, such as that which occurs 

following asbestos insult, HMGB1 is released into the extracellular space, and 

functions as a pro-inflammatory cytokine in a paracrine and autocrine manner by 

binding to TLR4 and Receptor for Advanced Glycation End-products (RAGE) found 

on mesothelial cell surfaces. HMGB1 binding to TLR4 activates a number of 

pathways, including the NF-!B  signaling pathway that signals cell survival via 

increased gene expression and production of inflammatory molecules (Diagram 5). A 

second pathway involving the production of inflammatory molecules is the activation 

of JNK pathway that causes the up-regulation of Activation Protein 1 (AP-1). 

Furthermore, activation of the IRF3 pathway leads to up-regulated gene expression 

and protein production of various interferons. As a result, malignant cells that release 
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HMGB1 provide sustained signals, leading to proliferation and anti-apoptosis of self 

and neighbouring cells, causing continued growth and survival of malignant cells.  

A number of studies have examined the role of HMGB1 in mesothelioma, 

with many describing it as an additional novel therapeutic target alongside TLR4, due 

to the nature of their interactions and its role in cell proliferation (117). Therefore, 

TLRs, particularly TLR4, represents another potential protein of interest in 

mesothelioma research. 

 

 

Diagram 5. HMGB1 has multi-functional roles in mesothelial cells. The passive release of 

HMGB1 into the extracellular space as a pro-inflammatory cytokine works in a paracrine and 

autocrine manner by binding to TLR4 and RAGE found on the mesothelial cell surfaces. 

Binding of TLR4 activates NF-! B, JNK and IRF3 pathways, resulting in the release of 

inflammatory cytokines and interferons while promoting proliferation and anti-apoptosis. 

Diagram extracted from Harris et al. (120). 
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2.2.10 Aetiology and mechanisms of asbestos carcinogenesis  

The development of mesothelioma is associated with chronic inflammation, 

and occurs most commonly following the inhalation of asbestos fibers into the lungs 

where mesothelial cells line the pleural cavity. Asbestos carcinogenesis appears to be 

dose dependent, and although short periods and/or low-levels of asbestos exposure 

have been linked to mesothelioma, the risk of disease appears to be associated with 

duration and extent of exposure. It is nearly impossible, however, to identify a 

threshold at which mesothelioma would or would not occur (30, 121). Furthermore, 

although tumour development is a multistep process, asbestos-induced chronic 

inflammation is the major hallmark of mesothelioma and plays a significant role in 

tumour initiation and formation.   

After suffering insult from asbestos fibers, the mesothelial cells undergo 

necrosis and release intracellular HMGB1 into the surrounding extracellular space. 

The exocytosis of HMGB1 following necrosis can then lead to HMGB1 binding to 

TLR4 and RAGE on surrounding cells, all of which are associated with pro-

inflammatory responses (Diagram 6) (116). When HMGB1 binds to these receptors, it 

is believed to trigger the formation of the NACHT, LRR and PYD domains 

containing protein 3 (Nalp3) inflammasome, the best characterized of the cytosolic 

inflammatory complexes. Inflammasomese are multimeric complexes involved in the 

innate immune system that regulate and induce caspase-1 activation and inflammation 

(122). Nalp3 inflammasome formation is associated with PAMPs and DAMPs, and 

functions to secrete Interleukin 1 beta (IL-1#) to elicit inflammation (36), and while 

initiated by both exogenous and endogenous molecular patterns, Nalp3 

inflammasome formation and IL-1# release is enhanced in the presence of reactive 

oxygen species (ROS) (36). 
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The binding of HMGB1 to resident monocytes activates them to become 

macrophages, and causes the release of ROS and reactive nitrogen species (RNS) that 

cause DNA damage to surrounding mesothelial cells. Macrophages also release 

inflammatory cytokines such as TNF-$ (36), which stimulates the NF-! B pathway 

within mesothelial cells and  promotes cell proliferation and inhibition of apoptosis 

(106). The release of cytokines causes both sustained, chronic inflammation and 

survival of these mutated mesothelial cells. Over time, these mutated cells become 

poorly differentiated and pre-malignant. Once malignant, these cells establish an 

autocrine and paracrine feedback loop by continuously secreting HMGB1 that binds 

to TLR4 on the same and neighbouring cells, producing sustained growth signals. 

When HMGB1 is released by malignant cells and binds TLR4, HMGB1 

activates a number of pathways that signals cell survival and avoidance of apoptosis 

via increased gene expression and protein production of inflammatory molecules. 

Furthermore, the ability of mesothelial cells to release growth factors with paracrine 

functions, such as PDGF, transforming growth factor beta (TGF-#) and VEGF, 

promotes neovascularisation and healing of wounded mesothelium that allows for 

fibroblast proliferation and increased inflammatory cells infiltration (116).  

While typical inflammation of the body would normally resolve following 

eradication of an irritant, asbestos fibers are unable to be degraded by the body.As a 

result, this leads to sustained, chronic inflammation, inflammation-associated cell 

mutations, and the subsequent development of mesothelioma.  
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Diagram 6. Inflammatory mediators and growth factors released from mesothelial cells 

following asbestos insult. Following asbestos insult, mesothelial cells become damaged and 

lead to the release of various cytokines and growth factors. These inflammatory mediators 

and growth factors cause inflammation and the subsequent recruitment and activation of 

macrophages. Diagram extracted from Izzy et al. (116).  

 

2.2.11 Purpose of research 

  Malignant mesothelioma has been established as a rare, and relatively 

unfamiliar cancer since it was first discovered nearly six decades ago. However, 

despite years of research attempting to understand the mechanism of carcinogenesis 

and determine which, if any, molecules can be identified as biomarkers, little progress 

has been made. Without understanding the basic mechanism of carcinogenesis, it 

remains difficult to identify potential therapeutic targets within the genome, and 

hinders progression of drug development and treatment advancements.  

Because of the well-established relationship between inflammation and 

cancer, examining the role of inflammatory pathways is an appropriate first step 
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towards understanding the extent to which inflammatory mediators plays a role in 

mesothelioma development. One of the first experiments undertaken was a primary 

and functional siRNA screen of over 1000 genes in a malignant mesothelioma, and 

non-malignant mesothelial cell line (unpublished). One of several gene targets 

exhibiting potential as a therapeutic target in mesothelioma cell lines was TLR4. This 

receptor was examined within this project, and its potential as a therapeutic drug 

target explored. 
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3. Aims and Hypotheses 

3.1 Aims 

The aim of this research was to investigate the viability of TLR4 as a potential 

therapeutic target for reducing the growth of malignant mesothelioma cell lines. This 

was undertaken by examining whether TLR4 and its downstream pathways played a 

fundamental role in mesothelioma cell survival and growth. This was achieved 

primarily through examining the effects of TAK-242, SP600125, Triptolide and BX-

795 molecular inhibitors, and RNA interference using siRNA treatments. By 

addressing this, it would contribute to furthering the body of knowledge pertaining to 

mesothelioma, particularly relating to confirming the mechanism of carcinogenesis. It 

would also strengthen the knowledge of TLR4 involvement, which may then facilitate 

the development of clinically-applicable drug treatments. Diagram 7 depicts my 

project timeline.  

 

The aims of this project included: 

1. To establish whether TLR4 and any of the three pathways downstream of 

TLR4 (involving JNK, IRF3, and NF-!B) play a fundamental role in the 

continued viability and expansion of malignant mesothelioma cell lines, 

using molecular inhibition. 

a. The first aim was to use 3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide)SO (MTT) colourimetric assay to 

examine short-term cell viability in both malignant mesothelioma 

and non-malignant mesothelial cell lines. The effects of molecular 

inhibition and RNA interference (RNAi) on cell survival was 

analysed following TLR4, JNK, NF-!B and IRF3 inhibition using 
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TAK-242, SP600125, Triptolide and BX-795, and following 

siRNA treatment targeting the TLR4 gene. 

2. To determine the long-term efficacy of each molecular inhibitor and 

siRNA treatment on mesothelioma cell survival outcomes. 

a. The second aim was to establish whether molecular-inhibiting drug 

treatments were able to effectively inhibit cell growth over 

extended periods of time. This was examined by undertaking 

colony-forming assays (CFA) using molecular inhibitors that 

demonstrated preference for the malignant cell line over the non-

malignant. Colonies derived from single cells were left to form 

over 10 days before being stained, and colony number compared 

against untreated colonies. 

3. To establish the mechanism of any observed cell death of mesothelioma 

cell lines induced by molecular inhibition. 

a. The third aim examined the mechanism of cell death following 

molecular inhibition via Western blotting. Western blotting 

established whether apoptosis had occurred based on the presence 

or absence of cleaved poly-ADP ribose polymerase-1 (PARP-1), a 

protein indicator of apoptosis. 

4. To determine TLR4 protein expression levels in malignant and non-

malignant mesothelioma cell lines 

a. The last aim was to investigate basal protein expression levels of 

TLR4 in several mesothelioma cell lines. This was done to 

determine the validity of hypotheses suggesting that differing 
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levels of TLR4 expression occur between malignant and non-

malignant mesothelial cell lines.  

 

 

 

 

 

 

 

 

 

 

 

Diagram 7. Project time line  

 

3.2 Hypotheses 

The hypotheses of this project are as follows: 

1. Targeting TLR4 and/or its downstream pathways using molecular 

inhibition will reduce cell viability, indicative of their role in the 

continued viability and expansion of malignant mesothelioma cell lines  

2. Molecular inhibitors and/or siRNA will exhibit long-term effects on 

reducing mesothelioma cell survival by inhibiting colony formation. 

Molecular inhibition 
targeting TLR4, or the 
JNK, NF-!B, and IRF3 
pathways Presence of apoptosis 

(western blotting 
examining PARP-1 
expression) 

siRNA treatment 
targeting the TLR4 gene 

Short-term viability  
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cell viability after 
treatment) 
 

Long-term viability  
(CFA examining cell 
viability 10 days post-
treatment)  

   April 2016      November 2016        May 2017 

Protein expression 
(western blotting 
probing for TLR4) 
 

Basal TLR4 protein 
expression in untreated 
malignant and non-
malignant cell lines 
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3. Treatment using molecular inhibitors will induce apoptosis in 

mesothelioma cell lines. 

4. TLR4 protein expression levels will be up-regulated in malignant 

mesothelioma cell lines compared to non-malignant cell lines. 
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4. Methods 

4.1 Chemicals 

  TAK-242, a TLR4 antagonist, was purchased from Calbiochem (Catalog #: 

614316-5MG) as a 5mg vial of powder. The powder was resuspended in 1mL 

dimethyl sulfoxide (DMSO) to create a working concentration of 5mg/mL, which was 

vortexed until uniform. Aliquots were prepared and stored at -80¡C for future use.  

  SP600125, a JNK inhibitor, was purchased from Sigma Aldrich (catalog #: 

tlrl -sp60) as a 10mg vial of powder. The powder was resuspended in DMSO and 

vortexed until solubilized, to create a working concentration of 50mM. Aliquots were 

prepared and stored at -20¡C for future use.  

  Triptolide, a NF-!B inhibitor, was purchased from Sigma Aldrich (catalog #: 

ant-tpl) as a 1mg vial of powder. The powder was resuspended in DMSO and 

vortexed until solubilized, creating a working concentration of 10mM. Aliquots were 

created and stored at -20¡C for future use. 

  BX-795 hydrochloride, an IRF3 inhibitor, was purchased from Sigma Aldrich 

(catalog #: SML0694) as a 5mg vial of powder. The powder was resuspended in 

DMSO and vortexed until solubilized, creating a working concentration of 8.45mM. 

Aliquots of 500"M were created and stored at -20¡C for future use.  

 

4.2 siRNAs 

Several siRNAs were used in this project (Table 3). An siRNA targeting TLR4 

was purchased through Sigma Aldrich as a 2nmol vial of dried powder. The powder 

was resuspended in Diethyl pyrocarbonate (DEPC) water to create a working 

concentration of 100"M. The solution was vortexed, and further diluted to 10"M 

before being aliquoted and stored at -20¡C for future use. siRNAs targeting a green-
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fluorescent protein (GFP) or polo-like kinase (PLK) had been previously purchased 

and prepared within the lab.  

 

Table 3. Target sites and sequences of siRNAs used in this project 

Supplier Target site Sequence 

Sigma Aldrich TLR4 (siTLR4) GGAAAAUGGUGUAGCCGUU 

Integrated DNA 

Technologies 

Green fluorescent protein 

(siGFP) 
GCACGACUUCUUCAAGUCCUU 

Sigma Aldrich 
Polo-like Kinase Ð 1 

(siPLK) 
CAACACACCUCAUCCUCUAUU 

 

 

4.3 Antibodies 

Several primary antibodies were used in this project for Western blotting 

(Table 4). $-tubulin antibody (Cell Signaling cat.#: 2144) was used at a 1:1000 

dilution at room temperature (RT) for 1 hour, while PARP-1 (Cell Signaling, cat.#: 

9532) and TLR4 (Sigma Aldrich, cat.#: PRS3141-100UG) antibodies were used at 

1:1000 at 4¡C overnight. For detection, membranes were incubated with a secondary 

goat anti-rabbit antibody conjugated to horseradish peroxidase (HRP) (Cell Signaling, 

cat.#: 7074) at RT for 1 hour in a 1:2000 (PARP-1, $-tubulin) or 1:3000 (TLR4) 

dilution.  

 

Table 4. Description, application and dilution of antibodies used in this project 

 Antibody Application Description Dilution  Manufacturer  

$-tubulin  Western blot Rabbit Polyclonal  1:1000 Cell Signaling 
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PARP-1 Western blot Rabbit Polyclonal 1:1000 Cell Signaling 

TLR4 Western blot Rabbit Polyclonal 1:1000 Sigma Aldrich 

Goat anti-rabbit 

IgG  

Western blot Conjugated to 

HRP 

1:2000 -

1:3000 

Cell Signaling 

 

 

4.4 Mammalian Cell Culture 

MeT-5A cells were obtained from the Sydney Mesothelioma Registry 

(Sydney, Australia), and were derived from a human non-malignant mesothelial tissue 

that had been virally transformed. NCI-H28 is a malignant cell line obtained from the 

American Type Culture Collection and was derived from the metastatic site of a 

patient with stage IV malignant mesothelioma of the lungs. IST-Mes2 and MM-Miller 

cell lines were derived from patients with pleural epitheloid mesothelioma, and were 

obtained from the Sydney Mesothelioma Registry. All cell lines were thawed from 

liquid nitrogen in a 37¡C water bath and cultured in T25 flasks with Dulbecco's 

Modified Eagle's Medium (DMEM) (Gibco, Life Technologies), supplemented with 

20% fetal bovine serum (FBS) and 1% penicillin, streptomycin and glutamine (PSG) 

(100 U/mL of both penicillin and streptomycin, and 2.9mg/mL of glutamine) (Life 

Technologies) (referred to as complete DMEM). Cells were placed in an incubator at 

37¡C and 5% CO2 until confluent, and subsequently transferred to a T75 flask for 

experiments. 

 

4.5 Sub-Culturing of Confluent Cells 

To sub-culture confluent cell lines, cells were washed twice with 10mL 1x 

phosphate buffer solution (PBS) (0.2g/L KCl, 1.44g/L Na2HPO4, 8g/L NaCl, 0.24g/L 
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KH2PO4), prior to being detached from the flask using 2mL 0.25% trypsin and 

0.05% ethylenediaminetetraacetic acid (EDTA). Flasks were incubated for 5 minutes 

before trypsin-inactivation by the addition of 8mL of complete DMEM. Cells were 

agitated and then split in a 1:3 ratio by discarding two-third of the cells and replacing 

the discarded volume with fresh complete DMEM. Cells were then placed in an 

incubator at 37¡C and 5% CO2 to grow. 

 

4.6 Long-Term Storage of Mammalian Cells in Liquid Nitrogen  

     Cell lines were frozen down in liquid nitrogen following culturing for long-

term storage. This consisted of harvesting confluent cells by washing twice with 

10mL cold 1x PBS before scraping cells into a 10mL centrifuge tube and centrifuging 

for 5 minutes at 4¡C and 400 xg. The supernatant was removed and replaced with a 

further 10mL chilled PBS, and centrifuged for a further 5 minutes at 4¡C at 400 xg. 

Removal of supernatant and replacement with fresh PBS was repeated a second time 

before the supernatant was removed and 1mL of freezing media added. Freezing 

media consisted of 93% FBS and 7% DMSO. The cell suspension was vortexed and 

then transferred to a sterile cryo-vial, where it was placed immediately into a -80¡C 

freezer for 24 hours before being transferred to liquid nitrogen.  

 

4.7 MTT Assay 

  Cell viability was measured by the MTT assay. Following treatments, media 

was discarded and cells were washed with 100"L 1x PBS before an addition 100"L 

of 1x PBS and 10"L of 12mM MTT were added to each well of a 96-well plate 

(volumes were adjusted proportionately for larger surface areas). Cells were incubated 

for 4 hours at 37¡C and 5% CO2 before the MTT solution was removed and replaced 
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with 100"L DMSO, and incubated for a further 10 minutes at 37¡C and 5% CO2. The 

absorbance was read using a FLUOstar OPTIMA microplate reader (BMG LabTech, 

Germany) at a wavelength of 544nm. The absorbance readings were then plotted on a 

dose-response curve and analysed using GraphPad Prism. 

 

4.8 Drug Treatments   

 Prior to each treatment, confluent cells from each cell line were harvested and 

counted, and seeded at a density of 1x104 cells per well in 96-well plates. This was 

performed 24 hours prior to drug treatment to allow for cell adherence. Following 

adherence, drugs were administered individually in triplicate at varying 

concentrations ranging from 0.1"M to 100"M. Numerous controls were used for each 

treatment, including 1) untreated controls, and 2) vehicle-only controls, containing 

DMSO at a concentration equivalent to that found in the highest drug concentration. 

Cells were incubated at 37¡C in 5% CO2 for 72 hours and assayed using MTT. 

Percent cell viability was calculated using GraphPad Prism, and standardised by 

subtracting treatment viability percentages from untreated controls (100% viability). 

Statisical analysis using the same software was used to determine the half maximal 

inhibitory concentration (IC50 value) of each drug, a quantitative measurement used to 

describe the amount a drug required to inhibit cell viability by half. Additionally, 

statistical analysis was used to examine whether significance differences in cell death 

existed between cell lines using an alpha level of 0.05 ($=0.05).  

 

4.9 Colony Forming Assay 

  To optimise cell number required for CFAs, MeT-5A and NCI-H28 cell lines 

were seeded at densities ranging from 50 to 200 cells in 6-well plates, and were 
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monitored for 10 days, or until appropriate-sized colonies were present. After this 

time, cells were stained and counted. To stain cells, media was removed from cells 

and rinsed with 1x PBS before 2mL of 2% formalin was added to each well and left 

for 20 minutes at RT. The solution was removed and cells stained with 1mL 0.5% 

crystal violet in 25% ethanol at RT for a further 20 minutes before being removed and 

rinsed with water. Once the stained colonies were dry, colonies were examined 

microscopically to ascertain plating efficiency and optimal conditions for colony 

formation.   

  Following optimisation, CFAs were performed. Briefly, this consisted of 

removing media from cells that had previously undergone drug treatment in a 96-well 

plate, and were washed with 100"L 1x PBS. Cells were then trypsinised and counted 

before an appropriate volume of cell suspension was added to fresh complete DMEM 

media to make a suspension containing 100 cells per well for use in a 6-well plate. 

Cells were plated onto 6-well plates (Greiner Bio) in triplicate and allowed to grow 

for 10 days at 37¡C in 5% CO2. Parameters constituting a colony consisted of 

discernable groups of cells containing more than 20 progenies per colony. Cells were 

stained as previously described, and counted after this time. Colony numbers of 

treated cells were then compared to colony numbers of untreated cells, and survival 

fraction calculated. 

 

4.10 siRNA Transfection 

4.10.1 siGLO transfection efficiency  

  Confluent MeT5A and NCI-H28 cells were seeded at a density of 4x104 cells 

in a 6-well plate and transfected with 40nM of the fluorescently-labelled transfection 

efficiency indicator, siGLO Red (Dharmacon) in 3"L of Oligofectamineª.  A 
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negative control and vehicle-only ÔmockÕ control were used to determine viability of 

cells and background fluorescence. The number of cells that had been transfected with 

siGLO Red was analysed using the BD LSRFortessaª Flow Cytometer.  

 

4.10.2 TLR4 siRNA transfection  

24h prior to siRNA treatment, confluent MeT-5A and NCI-H28 cell lines were 

harvested and counted, and an appropriate volume of cell suspension was transferred 

into 15mL centrifuge tubes and centrifuged for 5 minutes at 21¡C and 400 xg. The 

supernatant was removed and the pellet resuspended in antibiotic-free DMEM media 

supplemented with 10% FBS (Gibco, Life Technologies) and 1% Glutamine. Cells 

were seeded at 7500 cells per well in triplicate into 96-well plates and incubated 

overnight at 37¡C and 5% CO2, to allow for cell adherence and confluence values of 

approximately 50%. After overnight incubation, transfections using Oligofectamineª 

(Invivogen) were undertaken as per manufacturers instructions. Briefly, this consisted 

of diluting 0.8"L Oligofectamineª  in 2.2"L of Opti-MEM media per well and 

incubating for 5 minutes at RT. Each siRNA was diluted in opti-MEM to create a 

final concentration of 20nM. The Oligofectamineª mixture was added to siRNA 

mixtures and incubated for a further 20 minutes at RT to allow for 

siRNA:Oligofectamineª complexes to form. The mixture was transferred to each 

well and incubated for 4 hours at 37¡C and 5% CO2 to allow for transfection. After 

this time, cells were supplemented with additional antibiotic-free DMEM media 

containing 3x serum. Cells were incubated for 72 hours, and finally assayed by the 

MTT assay. Each treatment group was performed in triplicate and included untreated 

controls and vehicle-only ÔmockÕ transfections. Mock transfections contained 

Oligofectamineª and opti-MEM only. The negative control contained an siRNA 
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targeting GFP (siGFP), which functioned to confirm transfection without affecting 

cell viability. The positive control was an siRNA targeting PLK (siPLK), an enzyme 

required for cell cycle progression and cell growth, causing cell death when silenced 

and confirming the functionality of the siRNA. 

 

 4.11 Western Blot Analysis 

4.11.1 Protein extraction  

   Confluent cells were collected from each flask using a cell scraper, and 

transferred along with the media into 15mL centrifuge tubes. Cells were centrifuged 

at 400 xg at 4¡C for 5 minutes before removal of supernatant and pellet resuspension 

in chilled 1x PBS. This process was repeated three times, and following the third 

removal of supernatant, the pellet was resuspended in pre-made Pierce RIPA buffer 

(Thermo Scientific) containing 1x Halt protease inhibitor cocktail (Thermo 

Scientific). The cell suspension was then transferred to a 1.5mL eppendorf tube, and 

cell lysates were kept on ice for 10 minutes while mixing before being stored at -20¡C 

for future use.  

 

4.11.2 SDS-polyacrylamide gel electrophoresis and Western blotting 

 Protein extracts were quantified using a bicinchoninic acid (BCA) protein 

assay (Thermo Scientific), as per manufactures instructions. A total of 20"g protein 

from whole cell lysates were thawed from -20¡C and combined with 4x Sodium 

Dodecyl Sulfate (SDS) loading dye (200mM pH 5.8 Tris-Cl 1.5M, 4% SDS, 0.2% 

bromophenol blue and 20% glycerol) and 100mM Dithiothreitol  (DTT) prior to 

protein denaturation at 95¡C for 5 minutes and centrifugation at 13600 xg for 1 

minute. Extracts were run on 10-12% Tris Glycine SDS-Polyacrylamide gel 
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electrophoresis (SDS-PAGE) gels. Gels were run at 100V for 75 minutes before being 

transferred onto methanol-activated, 0.22"m pore polyvinylidene difluoride (PVDF) 

membrane (Millipore, EMD) and electrophoresed for a further one hour at 100V. 

Membranes were blocked with 5% skim milk in TBS-T for 1 hour before being 

incubated in primary antibodies. After primary antibody incubation, membranes were 

washed three times with Tris-buffered saline containing 0.1% Tween-20 (TBS-T) for 

5 minutes each, before being incubated in a secondary antibody for 1 hour at RT. 

Membranes were later washed three times in TBS-T, and once with dH2O before 

visualising antibody detection using enhanced chemi-luminescence (ECL).  
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5. Results 

5.1 Cell Density Optimisation 

5.1 Cell density experiments identified 1x104 cells per well in a 96-well plate as the 

optimal starting density for further assays 

Appropriate seeding densities of MeT-5A and NC-H28 cell lines were initially 

established prior to experimentation to ensure that cells remained viable for the 

duration of experiments, and that densities were not under- or over-confluent. Cells 

were seeded at various densities ranging from 1,000 to 10,000 cells, and were 

monitored over 72 hours.  

To assess the growth and viability of cells over this time, the colourmetric 

assay using MTT was conducted at 24, 48 and 72 hours. Absorbance readings of 0.7 - 

1.25, which falls within the linear proportion of a growth curve, indicated optimal cell 

densities required for experimentation (123). 

 Overall, MeT-5A and NCI-H28 cell lines showed similar absorbance readings 

and overall linear growth over 72 hours (Figure 1). Results indicated that for both cell 

lines, seeding densities of 7,500 and 10,000 cells per well in a 96-well plate were 

optimal for experiments over 3 days. The absorbance reading for these densities was 

0.815 and 0.899 for MeT-5A cells, and 0.736 and 0.863 for NCI-H28 cells, 

respectively. These values indicate that both densities were within the linear growth 

phase at 72 hours. Interestingly, there was a small decrease in cell viability at 48 

hours for MeT-5A cells seeded at densities of 1,000 and 2,000 cells. Readings at 72 

hours increased significantly, indicating that the initial fall in absorbance was most 

likely the result of under-crowding of cells, causing reduced cell-to-cell contact and 

reductions in growth factor release. Based on this data, all future experiments were 
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performed using 10,000 cells per well in a 96-well plate, or proportionately increased 

where needed.  

 

A)  

B)  

 

Figure 1. 1x104 cells per well was the optimal starting cell density for MeT-5A and NCI-

H28 drug treatment experiments. Cells were seeded at densities ranging from 1,000 to 

10,000 cells per well in a 96-well plate, and assayed at 24, 48 and 72 hours. A) MeT-5A and 

B) NCI-H28 cell line growth at densities of 7,500 and 10,000 cells showed optimum growth 
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`conditions, with linear trends indicating exponential growth at 72 hour (figure representative 

of n = 2 independent experiments).  

 

5.2 Short-Term Dose-Response Viability Assay Treating With Molecular 

Inhibitors  

5.2.1 Molecular inhibition of TLR4 in malignant NCI-H28 cells resulted in loss of cell 

viability 

 Following primary and functional siRNA screens previously undertaken in the 

lab, TLR4 was identified as one of eight potential therapeutic targets that showed a 

reduction in malignant mesothelioma cell viability following TLR4 gene silencing. 

Therefore, the role of TLR4 in mesothelioma cell lines was explored, and the extent 

to which inhibition of TLR4 affected cell proliferation and survival was determined. 

MeT-5A and NCI-H28 cell lines were treated with varying concentrations of 

TAK-242, a TLR4 inhibitor, over 72 hours, before performing an MTT assay. 

Compared to untreated cells, TAK-242 treatment significantly reduced the cell 

viability of NCI-H28 cells to 50% (IC50 value) at concentrations of 48"M (Figure 2). 

MeT-5A cell viability was affected to a small extent, with TAK-242 decreasing cell 

viability by 29% at 50"M. Concentrations below this were less effective, with 10"M 

concentrations decreasing MeT-5A and NCI-H28 cell viability by 3% and 10%, 

respectively. Statistically significant differences were seen between cell lines at 50"M 

concentrations (p<0.05). 

The next step was to investigate the extent to which pathways downstream of 

TLR4 were involved. Three pathways can become activated following TLR4 

activation; JNK, NF-!B and IRF3 pathways. 
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Figure 2. Treatment with TAK -242 resulted in loss of cell viability in NCI-H28 cells, but 

not MeT-5A cells. The TLR4 inhibitor, TAK-242, was administered to non-malignant MeT-

5A and malignant NCI-H28 cell lines at concentrations ranging from 50nM to 50"M and 

were assayed using MTT 72 hours post-treatment. NCI-H28 IC50 = 48"M, MeT-5A IC50 = 

not determined. There was a significant difference in viability between cell lines at 50"M 

(p<0.05) Significant differences between IC50 not determined. Data points denote 

concentrations. Mean and standard error of the mean are graphed. (figure representative of n 

= 3 independent experiments). $ = 0.05, * = p<0.05. 

 

5.2.2 JNK pathway inhibition decreased cell viability of both malignant NCI-H28 and 

non-malignant MeT-5A cells 

The JNK pathway is one of several pathways that is initiated downstream to 

TLR4. SP600125, a JNK inhibitor that functions to prevent JNK phosphorylation, 

was used to explore the role that JNK may play in malignant mesothelioma. MeT-5A 

and NCI-H28 cell lines were treated using varying concentrations of SP600125 over 

72 hours before performing an MTT assay.  

SP600125 was highly effective at decreasing both malignant NCI-H28 (IC50 = 

52"M) and non-malignant MeT-5A (IC50 = 26.3"M) cell viability compared to the 

! "
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untreated control (Figure 3). Interestingly, the MeT-5A cells were 2-fold more 

sensitive to SP600125 than the NCI-H28 cells. Similar to TAK-242, a statistically 

significant difference was seen between cell lines at 100"M concentrations (p<0.05). 

 

 

Figure 3. JNK pathway inhibition decreased the cell viability of both malignant NCI -

H28 and non-malignant MeT-5A cells. The JNK inhibitor, SP600125, was administered to 

non-malignant MeT-5A and malignant NCI-H28 cell lines at concentrations ranging from 

1"M to 100"M and were assayed using MTT 72 hours post-treatment. IC50 values for MeT-

5A and NCI-H28 = 26.3"M and 52"M, respectively. There was a significant difference in 

cell line viability at 100"M (p<0.05). Mean and standard error of the mean are graphed 

(figure representative of n = 3 independent experiments). $ = 0.05, * = p<0.05. 

 

5.2.3 MeT-5A cells were more sensitive than NCI-H28 cells to NF-!B inhibition 

Triptolide is an NF-!B inhibitor which exerts both pro-apoptotic and anti-

proliferative properties in tumour cells in vitro (124). NF-!B is one of the three 

pathways initiated by TLR4 activation. Using Triptolide, the extent to which 

"""! "
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inhibition of the NF-!B  pathway would affect mesothelioma cell proliferation and 

growth was examined. Both MeT-5A and NCI-H28 cell lines were treated with 

Triptolide at varying concentrations before performing the MTT after 72 hours post-

treatment.  

Compared to untreated cells, Triptolide was highly effective at reducing 

malignant NCI-H28 cell viability (IC50 = 7.8nM). This was particularly true at the 

highest concentrations, with 100nM and 1"M doses causing 85.25% and 86.9% 

reductions in cell viability, respectively (Figure 4). The non-malignant MeT-5A cell 

line, however, was more sensitive to Triptolide treatment compared to NCI-H28 cells, 

and was significantly different at concentrations of 10nM (p<0.01) (IC50 = 2.6nM). 

MeT-5A exhibited a 3-fold increase in sensitivity to the drug, and even at the lowest 

concentration of 0.1nM, the cell viability had decreased by 17%. Both cell lines were 

affected in a consistent manner across all concentrations tested.  

 

 

Figure 4. MeT-5A cells were more sensitive than NCI-H28 cells to cell killing following 

NF-!B inhibition . The NF-!B inhibitor, Triptolide, was administered to non-malignant MeT-

5A and malignant NCI-H28 cell lines at concentrations ranging from 0.1nM to 1"M and were 

!! "
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assayed using MTT 72 hours post-treatment. IC50 values for MeT-5A and NCI-H28 cell lines 

were 2.6nM and 7.8nM, respectively. Cell viability was significantly differences between cell 

lines at 10nM concentrations (p<0.01). Data points denote concentrations. Mean and standard 

error of the mean are graphed (n = 2, pooled data). $ = 0.05, ** = p<0.01 

 

5.2.4 The effect of IRF3 inhibition on MeT-5A and NCI-H28 cell viability was 

comparable 

BX-795 is an inhibitor of IRF3, a critical member of the transcriptional family 

of IRFs that is involved in innate immune responses against viruses (125). BX-795 

functions to interfere with IRF3 activation and interferon beta (IFN-#) production by 

inhibiting phosphorylation and catalytic activity of TANK Binding Kinase 1(TBK1) 

and Inhibitor Of Nuclear Factor Kappa-B Kinase Subunit Epsilon (IKK%). TBK1 and 

IKK% are IKK-related kinases that phosphorylate and activate IRF3, and are essential 

for initiating viral responses (126). Since IRF3 is one of the pathways initiated by 

TLR4 activation, the role of IRF3 in mesothelioma was analysed, and used to 

determine whether disruption of IRF3 activation influenced mesothelioma cell growth 

and proliferation.  

BX-795 treatment on cell viability was visually similar for both MeT-5A and 

NCI-H28 cells, however there were several significant differences between cell lines 

at concentrations of 100nM and 500nM (p<0.05), 1"M and 50"M (p<0.01) and 

100"M (p<0.001). Overall, MeT-5A cells (IC50 = 7.4"M) were slightly more resistant 

than NCI-H28 cells (IC50 = 5.8"M) (Figure 5), with both showing relative consistency 

in cell viability at concentrations until 5"M, with 5" M doses reducing viability to 

32.8% for MeT-5A cells and 43.5% for NCI-H28 cells. Overall, there was a similar 

trend in cell viability of MeT-5A and NCI-H28 cells, however MeT-5A showed 

significantly reduced viability compared to NCI-H28 cells at various concentrations.  
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Figure 5. The effect of IRF3 inhibition on MeT-5A and NCI-H28 cell viability was 

comparable. The IRF3 inhibitor, BX-795, was administered to non-malignant MeT-5A and 

malignant NCI-H28 cell lines at concentrations ranging from 10nM to 100"M and were 

assayed using MTT 72 hours post-treatment. IC50 values for MeT-5A and NCI-H28 cell lines 

were 7.4"M a nd 5.8"M, respectively. Significant differences between cell lines were present 

at concentrations of 100nM, 500nM, 1"M, 50"M, and 100"M. Data points denote 

concentrations. Mean and standard error of the mean are graphed (n = 1). $=0.05, * = p<0.05, 

** = p<0.01, *** = p<0.001 

 

5.2.5 IST-Mes2 and MM-Miller cell lines were not sensitive to TLR4 inhibition 

Two additional clinical malignant mesothelioma cell lines, IST-Mes2 and MM-Miller, 

were obtained subsequent to initial drug treatments on MeT-5A and NCI-H28 cell 

lines. IST-Mes2 and MM-Miller cell lines were treated with the same drugs (TAK-

242, SP600125, Triptolide and BX-795) as previously done (Sections 5.2.1-5.2.4). 

Following TAK-242 treatment, NCI-H28 cells remained the most sensitive cell line to 

TLR4 inhibition, while IST-Mes2 and MM-Miller were relatively resistant to the 

"""""""""!""""""""!""""!!"""""""""""""""!!"""!!! "
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treatment (IC50 values = not determined) (Figure 6). There were also several 

significant differences identified. Cell viability of the MeT-5A cell line was significantly 

different to IST-Mes2 at 500nM (p<0.01) and 5"M (p<0.05), and to MM-Miller at 500nM 

1"M, 5"M,  and 50"M (p<0.05). Additionally, NCI-H28 and IST-Mes2, and NCI-H28 and 

MM-Miller  cell lines showed significant differences at 50"M (p<0.01 and p<0.05, 

respectively).   

 

 

Figure 6. IST-Mes2 and MM-Miller cells were not sensitive to TLR4 inhibition . The 

TLR4 inhibitor, TAK-242, was administered to the malignant IST-Mes2 and MM-Miller cell 

lines at concentrations ranging from 10nM to 100"M. Cells were assayed using MTT 72 

hours post-treatment. Compared to NCI-H28 cells, the malignant IST-Mes2 and MM-Miller 

cell lines were relatively unaffected by the TLR4 inhibition (IC50 values = not determined). 

No significant differences. Data points denote concentrations. Mean and standard error of the 

mean are graphed (n = 1). $=0.05, * = p<0.05, ** = p<0.01. Top row of stars = significant 

differences between MeT-5A and IST-Mes2, second row = MeT-5A and MM-Miller, third 

row row = NCI-H28 and IST-Mes2, bottom row = NCI-H28 and MM-Miller. 
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5.2.6 Sensitivity of IST-Mes2 and MM-Miller cells to JNK inhibition was comparable 

to that of MeT-5A 

Cell viability IC50 values obtained from IST-Mes2 and MM-Miller following 

SP600125 treatment was very similar to that of MeT-5A and NCI-H28 cell lines 

(Figure 7). The malignant MM-Miller cell line was most sensitive (IC50 =29.7"M)  of 

the malignant cell lines, while IST-Mes2 was 1.2-fold less sensitive in comparison 

(IC50 = 35.4"M). There were several significant differences in cell viability between 

cell lines. At 100"M, there was a significant difference of p<0.01 between NCI-H28 

and IST-Mes2. Additionally, at 50"M, significant differences were found between 

MeT-5A and IST-Mes2 (p<0.001), NCI-H28 and IST-Mes2 (p<0.001), NCI-H28 and 

MM-Miller (p<0.05), and between IST-Mes2 and MM-Miller (p<0.01). Lastly, there 

was a significant difference of p<0.05 between IST-Mes2 and MM-Miller at 25"M.  

 

Figure 7. The sensitivity of IST-Mes2 and MM-Miller cells to JNK inhibition  were 

comparable to that of MeT-5A. The JNK inhibitor, SP600125, was administered to 

malignant IST-Mes2 and MM-Miller cell lines at concentrations ranging from 1"M to 

100"M. Cells were assayed using MTT 72 hours post-treatment. Malignant IST-Mes2 (IC50 = 

35.4"M) and MM-Miller (IC50 = 29.7"M) cell lines showed similar sensitivity to SP600125 

" " " """!!! "
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as MeT-5A and NCI-H28 cell lines. Data points denote concentrations. Mean and standard 

error of the mean are graphed (n = 1). $=0.05, * = p<0.05, ** = p<0.01, *** = p<0.001. Top 

row of stars = significant difference between MeT-5A and IST-Mes2, second row = NCI-H28 

and IST-Mes2, third row = NCI-H28 and MM-Miller, bottom row = IST-Mes2 and MM-

Miller. 

 

5.2.7 IST-Mes2 and MM-Miller  cells were less sensitive to NF-!B inhibition than 

NCI-H28 and MeT-5A cells 

Triptolide treatment of IST-Mes2 and MM-Miller cells resulted in dose-

response curves that were distinct to that of MeT-5A and NCI-H28 cells (Figure 8). 

Several concentrations showed significant differences between cell lines, with the 

most significant being at 100nM and 1"M (p<0.0001 for MeT-5A and IST-Mes2, and 

NCI-H28 and IST-Mes2). Compared to MeT-5A, IST-Mes2 (IC50 = 363nM) and 

MM-Miller (IC50 = 89nM) cell lines were significantly less sensitive to Triptolide 

treatment at 10nM and 100nM concentrations (p<0.05), while both cell lines were 

significantly less sensitive compared to NCI-H28 at 100nM and/or 1"M 

concentrations. IST-Mes2 was 50- and 62-fold less sensitive to MeT-5A and NCI-

H28, while MM-Miller was 12- and 15-fold less sensitive, respectively.  
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Figure 8. IST-Mes2 and MM-Miller cells were less sensitive to NF-!B inhibition . The 

NF-!B  inhibitor, Triptolide, was administered to the malignant IST-Mes2 and MM-Miller 

cell lines at concentrations ranging from 0.1nM to 1"M. Cells were assayed using MTT 72 

hours post-treatment. Compared to MeT-5A and NCI-H28 cell lines, both malignant IST-

Mes2 and MM-Miller cells showed a significant decrease in sensitivity to the drug (IC50 = 

363nM and 89nM, respectively). Data points denote concentrations. Mean and standard error 

of the mean are graphed (n = 1). $=0.05, * = p<0.05, ** = p<0.01, *** = p<0.001, **** = 

p<0.0001. Top row of stars = significant difference between MeT-5A and NCI-H28, second 

row = MeT-5A and IST-Mes2, third row = MeT-5A and MM-Miller, fourth row = NCI-H28 

and IST-Mes2, bottom row = NCI-H28 and MM-Miller . 

 

5.2.8 IST-Mes2 and MM-Miller cells were sensitive to the effects of IRF3 inhibition  

IST-Mes2 and MM-Miller cells were treated with the IRF3 inhibitor, BX-795. 

Compared to MeT-5A, IST-Mes2 (IC50 = 3nM) and MM-Miller cell lines (IC50 = 

1.2nM) showed the greatest reductions in cell viability. They were also the most 

sensitive of the four cell lines, and exhibited 2.5- and 6-fold increases in sensitivity 

compared to the non-malignant MeT-5A cell line (Figure 9). Conversely, the 
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malignant NCI-H28 cell line was the most resistant of the malignant cell lines to BX-

795 treatment. Several cell lines showed significant differences in cell viability, most 

notably at 50"M between MeT-5A and NCI-H28 (p<0.0001), and at 10"M between 

MeT-5A and IST-Mes2, MeT-5A and MM-Miller, NCI-H28 and IST-Mes2 and NCI-

H28 and MM-Miller (p<0.0001). MeT-5A and MM-Miller, and NCI-H28 and MM-

Miller also showed significant differences at 500nM and 1"M, respectively 

(p<0.0001). 

 

 

Figure 9. IST-Mes2 and MM-Miller cells were sensitive to the effects of BX-795 

treatment. The IRF3 inhibitor, BX-795, was administered to the malignant IST-Mes2 and 

MM-Miller cell lines at concentrations ranging from 10nM to 100"M. Cells were assayed 

using MTT 72 hours post-treatment. Malignant IST-Mes2 and MM-Mil ler cells were more 

sensitive to BX-795 than MeT-5A and NCI-H28 cell lines, with IC50 values being 3nM and 

1.2nM, respectively. No significant differences. Data points denote concentrations. Mean and 

standard error of the mean are graphed (n = 1). $=0.05, * = p<0.05, ** = p<0.01, *** = 

p<0.001, **** = p<0.0001. Top row of stars = significant difference between MeT-5A and 
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NCI-H28, second row = MeT-5A and IST-Mes2, third row = MeT-5A and MM-Mil ler, fourth 

row = NCI-H28 and IST-Mes2, bottom row = NCI-H28 and MM-Miller. 

 

5.2.9 Combination of TAK-242 and BX-795 treatment on malignant mesothelioma 

cell lines demonstrated a small additive effect 

 Initial drug treatments on MeT-5A and NCI-H28 cell lines indicated that of 

the four drugs examined, the TLR4 inhibitor, TAK-242 showed some indication of 

therapeutic potential, while BX-795 demonstrated specificity for the malignant IST-

Mes2 and MM-Miller cell lines over the non-malignant MeT-5A cell line. To 

examine whether the effects of TAK-242 could sensitise the malignant cell lines to 

the effects of BX-795 in combinatorial drug treatment experiments. 

 Cell lines were treated with TAK-242 and BX-795 in combination at 

concentrations equivalent to the IC50 value for 72 hours (Figure 10). The overall trend 

indicated that there was a small but significant and observable additive effect of TAK-

242 and BX-795 when used in combination (Appendices A1). While this effect was 

not as notable when compared to BX-795-only treatments, the IST-Mes2 and MM-

Miller showed a significant and observable reduction in cell viability when treated 

with both TAK-242 and BX-795 (p<0.05). Significant reductions were also seen in 

NCI-H28 (p<0.0001), IST-Mes2 (p<0.0001) and MM-Miller (p<0.01) cell lines when 

comparing TAK-242 treatment to combination treatment. Combination treatment 

caused reductions in NCI-H28, IST-Mes2 and MM-Miller cell viability to 19%, 37% 

and 58%, respectively. Due to treatment issues involving contamination, data 

pertaining to the MeT-5A cell line was not included. 
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Figure 10. Combination therapy using TAK-242 and BX-795 in malignant NCI-H28, 

IST-Mes2 and MM -Miller cell lines exhibited a small additive effect on cell killing. The 

overall trend indicated that there was a small additive effect when the drugs were 

administered in combination at concentrations equivalent to each cell lines IC50 value. 

Statistical analysis was performed using GraphPad Prism software, and a two-way ANOVA 

was used to assess the significance of mean differences between treatment groups. Mean and 

standard error of the mean are graphed. $ = 0.05, * = p<0.05, ** =p<0.01, *** = p<0.001, 

**** = p<0.0001 (n=1). 

 

5.3 Long-Term Cell Viability and Colony Formation 

5.3.1 Cells seeded at 100 cells per well in 6-well plates was optimal for colony 

formation over 10 days 

   CFAs, or clonogenic assays, assess the survival ability of a single cell to 

undergo unlimited division and form a colony following cytotoxic treatment (127). 

Initial optimisation experiments were done for MeT-5A and NCI-H28 cells to 

determine the optimal cell seeding densities for colony formation and to determine the 
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most appropriate duration to allow for adequate colony formation. MeT-5A and NCI-

H28 cell lines were seeded in triplicate at densities of 50, 100, 150 and 200 cells per 

well in a 6-well plate. The plating efficacy of various seeding densities for MeT-5A 

and NCI-H28 cells was calculated after 10 days incubation (Figure 11). Based on the 

results of optimisation, final experimental parameter comprised of seeding densities 

of 100 cells per well in 6-well plates for both cell lines.  

 

 

Figure 11. MeT-5A and NCI-H28 cells seeded at a density of 100 cells per well in 6-well 

plates was optimal for colony formation over a 10 day period. Non-malignant MeT-5A 

and malignant NCI-H28 cells were seeding at various densities ranging from 50 to 200 cells 

per well in a 6-well plates and left to form colonies for 10 days. Cell were fixed and stained, 

and colonies counted. Percentage plating efficiency indicated that a density of 100 cells per 

well was optimal for colony formation in both cell lines over this time (figure representative 

of n=2 independent experiments).  

  

5.3.2 Malignant NCI-H28 cell line showed a greater reduction in long-term colony 

formation than non-malignant MeT-5A cells following TAK-242 treatment 

   CFAs were conducted on both MeT-5A and NCI-H28 cell lines following 
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results obtained from previous short-term metabolic assays. This was undertaken for 

each drug demonstrating therapeutic potential by exhibiting reductions in the viability 

of the malignant NCI-H28 cell line while sparing the viability of the non-malignant 

MeT-5A cell line. Cells that had previously been treated with TAK-242 for 72 hours 

were seeded in 6-well plates in triplicate and incubated for 10 days. After this time, 

colonies were fixed, stained and counted (Figure 12 and 13).  

   MeT-5A and NCI-H28 cell growth was relatively consistent in both control and 

treated cells, with less than 15% variation between replicates at all concentrations 

(Figure 14). The control groups averaged 89 and 87 colonies per 100 cells seeded, 

respectively. In MeT-5A cells, those treated with 1"M TAK-242 averaged an 85% 

survival fraction, indicating only minor, and non-significant detrimental effects of 

low-dose TAK-242 on long-term cell viability. Cells treated with 10"M and 50"M 

TAK-242 showed further reductions in colony formation. This was consistent with 

results obtained from previous short-term metabolic assays, with colonies decreasing 

to an average of 75 and 70 colonies per 100 cells seeded, respectively. The NCI-H28 

cell line showed similar but more pronounced reductions, with 10"M and 50"M 

concentrations reducing survival fractions to 73% and 55%, respectively. 

   Overall, colony formation of both cell lines mirrored the effects of short-term 

TAK-242 treatment on cell viability. While a 30% reduction in MeT-5A viability was 

observed at the highest concentration of 50"M, the long-term viability of NCI-H28 

cells was significantly reduced by 45% in comparison (p<0.01) (Appendix A2). 
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a)      b) 

 

Figure 12. MeT-5A colony formation showed small reductions in growth over 10 days 

following increasing concentrations of TAK-242. a) Untreated controls (top row) and 1"M 

TAK-242 (bottom row). b) 10"M TAK -242 (top row), 50"M TAK-242 (bottom row). 

Colony formation was relatively consistent, with less than 10% variation between replicates 

for both treated and control cells. The MeT-5A cell line was only minimally affected by 

TAK-242 treatment. Cells treated with 50"M demonstrated only a 30% reduction in cell 

viability compared to untreated controls, decreasing from 89 to 70 colonies.  

 

a)         b) 

 

Figure 13. NCI -H28 colony formation showed reduced growth over 10 days following 

increasing concentrations of TAK -242. a) Untreated controls (top row) and 50"M TAK-242 

(bottom row). b) 10"M TAK -242 (top row), 1"M TAK-242 (bottom row). Colony formation 

was dispersed, however cells that were in a very close proximity to one another were 

considered progency cells and counted as a colony. Maximum colony variation was 15% 

between replicates for both untreated and treated cells. Cells treated with TAK-242 showed an 
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obvious reduction in cell viability over 10 days compared to 10"M. Cells treated with 10"M 

also exhibited an observable but less significant reduction in cell viability compared to 1"M . 

 

     

Figure 14. Malignant NCI -H28 cells showed a greater reduction in colony formation 

over 10 days than non-malignant MeT-5A cells. MeT-5A and NCI-H28 cell lines were 

previously treated with TAK-242 for 72 hours and allowed to form colonies 10-days post 

treatment. There was a significant reduction in the survival fraction of NCI-H28 cells at 

50"M  compared to MeT-5A cells. Statistical analysis was performed using GraphPad Prism, 

and a t-test was used to compare the mean of each treatment between cell lines. $ = 0.05, ** = 

p<0.01 (figure representative of n=2 independent experiments). 

 

5.4 siRNA Treatment Targeting TLR4 mRNA 

5.4.1 NCI-H28 cells exhibited a higher transfection efficiency than MeT-5A cells 

 Transfection efficiency was used to determine the ability of the 

Oligofectamineª  vehicle to deliver the siRNA into the cell, and as such, provide an 

indication of transfection efficiency for future siRNA experiments. Prior to TLR4 

siRNA treatment, MeT-5A and NCI-H28 cell lines were treated with a transfection 
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indicator, a fluorescently-labelled siRNA called siGLO Red, for 24 hours before 

being analysed using flow cytometry. At 24 hours post-transfection, MeT-5A and 

NCI-H28 samples, including untreated, vehicle-only and siGLO-treated, were 

trypsinised and collected for analysis using flow cytometry. Gating was applied to 

10,000 viable cell events analysed in untreated control cell samples (P1) (Figure 15a 

and 15b). Debris that fell outside of this, and exhibited reduced granularity (SSC-A) 

and size (FSC-A) was indicative of dead cells, while cells with increased SSC-A and 

FSC-A suggested cells undergoing division. Compared to untreated controls, MeT-5A 

and NCI-H28 vehicle-only ÔmockÕ cell samples showed percentage viability similar to 

that of untreated control cells, at 98.9% and 98.3%, respectively (Figure 15c and 15d). 

When analysing siGLO-treated cell samples, only 52.4% of MeT-5A and 80% and 

NCI-H28 cells fell within the range of fluorescence indicative of siGLO Red 

transfection (Figure 15e and 15f). However, the increase in debris following 

transfection suggested low-level toxicity as a result of the transfection reagent. This 

was also reflective in the reduced viability of both cell lines compared to untreated 

and vehicle-only control samples. 

Overall, despite MeT-5A cells exhibiting slightly lower levels of transfections, 

Oligofectamineª was validated as an effective vehicle for siRNA delivery, 

demonstrating its ability to transfect the cells while causing minimal cell death in 

vehicle-only treatments. Results from this experiment were subsequently taken into 

consideration when interpreting future siRNA treatment data.   
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e)  

 

 

 

 

f) 

 

 

 

 

 

 

Figure 15. NCI-H28 cells exhibited a higher transfection efficiency compared to MeT-5A 

cells. The transfection efficiency of non-malignant MeT-5A and malignant NCI-H28 cell 

lines was assessed using fluorescently-labelled siRNA, siGLO, and analysed using flow 

cytometry. a) Untreated MeT-5A cell viability, b) Untreated NCI-H28 cell line c) MeT-5A 

vehicle-only treatment using Oligofectamineª, d) NCI-H28 vehicle-only treatment using 

Oligofectamineª, e) siGLO-treated MeT-5A cell line, f) siGLO-treated NCI-H28 cell line. 

P1 indicates 10,000 viable cell events derived from untreated control cell samples, and was 

used as a comparative control against mock- and siGLO-treated cell lines. P2 indicates 

fluorescence produced from untreated cells, while P3 indicates fluorescence indicative of 

siGLO Red transfection. The viability of MeT-5A and NCI-H28 cells in vehicle-only 

treatments compared to untreated cells was 98.9% and 98.3%, respectively. Transfection 

efficiency of MeT-5A and NCI-H28 cells using siGLO was 52.4% and 80%, respectively. 
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5.4.2 siRNA treatment targeting TLR4 mRNA did not significantly reduce MeT-5A or 

NCI-H28 cell line viability 

An siRNA targeting the TLR4 gene was administered at 20nM to MeT-5A 

and NCI-H28 cell lines for 72 hours, and cell viability assayed using MTT (Figure 

16). The vehicle-only transfection did not alter the viability of either cell line when 

compared to the untreated control. This confirmed that the vehicle did not cause cell 

death and that subsequent reductions in cell viability were solely the result of the 

siRNA of interest. The negative control, siGFP, showed little effect on cell viability 

of both cell lines, however there was a small but significant reduction in viability in 

the MeT-5A cell line compared to NCI-H28. This again indicated that the vehicle and 

non-functional activity of siGFP did not cause cell death. Conversely, siPLK, an 

siRNA targeting the PLK enzyme associated with cell cycle regulation and survival, 

resulted in ~70% knock-down. As siPLK is commonly used as a positive control for 

cell death, this significant reduction in viability indicated successful transfection and 

functional activity of the siRNA. Comparing siTLR4 to the positive and negative 

controls, siTLR4 was relatively ineffective at reducing cell viability, reducing the 

viability of MeT-5A and NCI-H28 by ~20% and ~15%, respectively. Additionally, as 

identified by the negative control, the extent of this reduction is partially attributable 

to low levels of toxicity caused by the presence of siRNA, further decreasing the 

efficiency of siTLR4 to cause cell death.  
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Figure 16. siRNA treatment targeting TLR4 did not significantly affect MeT-5A or NCI-

H28 cell line viability. Non-malignant MeT-5A and malignant NCI-H28 cell lines were 

treated with 20nM TLR4 siRNA for 72 hours. Cells were assayed using MTT. siTLR4 did not 

significantly reduce the cell viability of either cell line, with partial reductions in cell viability 

attributed to the mere presence of the siRNA. Vehicle only = lipid vehicle and media only, 

siGFP = negative control, siPLK = positive control (figure representative of n=3 independent 

experiments). $ = 0.05, * = p<0.05 

 

5.5 Mechanism of Cell Death Following Treatment Using Molecular Inhibition 

5.5.1 Varying degrees of PARP-1 cleavage was seen in cells treated with different 

drugs  

Western blotting was performed on protein extracts from MeT-5A, NCI-H28, 

IST-Mes2 and MM-Miller cell lines following 72 hours of drug treatment, probing for 

the protein of interest, PARP-1. Physiologically, when cells undergo necrosis, PARP-

" !"
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1 remains at its uncleaved molecular weight of 116kD, and is observed as a single 

band on Western blot membranes. When cells undergo apoptosis, however, PARP-1 

becomes cleaved into smaller segments of 89kDa and 24kDa (128). When this 

cleavage occurs, two distinctly separate bands are seen on Western blot membranes at 

116kDa and the larger cleaved segment of 89kDa (129). As such, the presence or 

absence of two distinct bands, indicative of PARP-1 cleavage, is a reliable indicator 

of apoptosis. Both control blots showed PARP-1 remaining at its uncleaved molecular 

weight of 116kDa. No second, smaller band was present, indicating the absence of 

apoptosis in untreated control cell lines. When cell lines were treated with TAK-242, 

SP600125, Triptolide or BX-795, apoptosis was seen in several protein lysates 

(Figure 17). In NCI-H28 cells, however, apoptosis was present in only one treatment, 

that of the TLR4 inhibitor TAK-242. Apoptosis was absent in all other NCI-H28 

treatments.  
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Figure 17. Varying degrees of PARP-1 cleavage was seen in cells treated with different 

drugs. 20"g MeT-5A, NCI-H28, IST-Mes2 and MM-Miller  whole cell lysates were either 

untreated, or treated over 72 hours with TAK-242, SP600125, Triptolide, and BX-795 

molecular inhibitors. Blots indicated that MeT-5A, IST-Mes2 and MM-Miller cell lysates 

exhibited varying degrees of apoptosis following all drug treatments, while the NCI-H28 cell 

line exhibited apoptosis in the TAK-242 treatment only (figure representative of n = 2 

independent experiments). 

  

5.6 Validity of Hypothesis Suggesting TLR4 Protein Expression is Up-Regulated 

in Malignant Mesothelioma Cell Lines 

5.6.1 TLR4 protein expression was up-regulated in malignant NCI-H28, IST-Mes2 

and MM-Miller cell lines compared to the non-malignant MeT-5A cell line 

 It was hypothesised that TLR4 was up-regulated in mesothelioma cells. 

Therefore, TLR4 protein expression was examined by Western blot analysis. Several 

controls were used, including the cervical cancer cell line, CaSki (positive control) 

known to express high levels of TLR4 (130-132), and an internal control protein that 

is constituently expressed in all cells. The internal control was $-tubulin, a highly 

conserved globular protein that forms a major part of the eukaryotic cytoskeleton, and 

which is required for basic cell functioning.  

Following Western blot analysis, it was interesting to note that several bands 

were observed at different molecular weights corresponding to 50kDa, 37kDa, and 

~35kDa (Figure 18). Although TLR4 has a predicted molecular weight of ~96kDa, it 

is well documented that bands commonly appear at different molecular weights. This 

is an observation occasionally seen in cancer cell lines due to TLR4 splice variants, as 

well as being attributed to post-translational modifications and phosphorylation events 

of the TLR4 protein. Furthermore, this pattern of TLR4 banding was previously seen 
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by others (133-135). All three main bands corresponded to the total molecular weight 

of glycosylated TLR4 at ~120kDa, and as such, were used to quantify TLR4 protein 

expression. Bands were normalised against the internal control. The positive control, 

the CaSki cell line, expressed higher levels of TLR4 protein compared to the non-

malignant MeT-5A control cell line, with a 1.8-fold increase in expression. This not 

only confirmed CaSki as an adequate positive control but also demonstrated that the 

bands corresponding to TLR4 were sufficiently observable. When examining the 

protein expression level of TLR4 in the cell lines of interest, malignant NCI-H28 cell 

line showed only a very small 1.1-fold increase in TLR4 expression. IST-Mes2 and 

MM-Miller cell lines had slightly greater expression levels than NCI-H28, exhibiting 

a 1.32-fold and 1.35-fold increase in TLR4 protein expression, respectively, 

compared to the non-malignant MeT-5A cell line.  

Overall, the increase in TLR4 protein expression in malignant compared to 

non-malignant cell lines loosely confirmed the notion that TLR4 is up-regulated in 

malignant mesothelioma.  

 

 

 

    

Figure 18. TLR4 protein expression was up-regulated in malignant NCI-H28, IST-Mes2 
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`and MM -Miller cell lines compared to the non-malignant MeT-5A cell line. 20"g whole 

cell lysate was used to determine TLR4 protein expression levels in untreated non-malignant 

MeT-5A, and malignant NCI-H28, IST-Mes2 and MM-Miller cell lines. TLR4 protein 

expression was increased in all malignant cell lines compared to the non-malignant cell line. 

$-tubulin expression was established in all cell lines, and used as an internal control (n = 1). 
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6. Discussion 

6.1 Overview 

 The aim of this research was to investigate the role of a potential therapeutic 

target in malignant mesothelioma, TLR4, with the long-term aim of substantiating the 

need for further research and the development of more effective therapies. This 

research also aimed to examine several facets of different malignant mesothelioma 

cell lines, in an attempt to more comprehensively establish characteristics and 

distinctions that may exist between cell lines derived from different clinical samples. 

It was hypothesised that TLR4 was implicated in mesothelioma survival and 

proliferation. As such, the viability of the malignant cell lines was hypothesised to 

decrease when treated with a TLR4 inhibitor and following TLR4 gene knock-down. 

Furthermore, TLR4 protein expression was hypothesised to be up-regulated in 

malignant mesothelioma cell lines compared to the non-malignant cell line.  

The outcomes of this research suggested that one treatment modality, and one 

molecular-inhibiting drug in particular, TAK-242, exhibited potential when targeting 

TLR4 in malignant mesothelioma. TAK-242 exhibited specificity for the malignant 

NCI-H28 cell line over the non-malignant MeT-5A mesothelial control cell line, 

however two additional malignant IST-Mes2 and MM-Miller cell lines did not show a 

significant response to TAK-242. As such, this finding suggests that cell line 

sensitivity to TLR4 inhibition may be cell line-specific. In support of TLR4 

inhibition, an increase in TLR4 protein expression in all mesothelioma cell lines was 

validated by Western blot analysis, contributing to the notion that TLR4 may have 

some involvement in malignant mesothelioma cell survival and proliferation. 

Additional research is needed, however, to explore the potential of TLR4 further and 
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determine the applicability of targeting this protein in other malignant mesothelioma 

cell lines. 

 

6.2 Effects of TLR4 and Downstream Pathway Inhibition on Short-Term 

Mesothelioma Cell Line Viability  

TLR4 is the most widely studied of the TLRs, and plays an important role in 

the innate immune system, primarily through its release of pro-inflammatory 

molecules and subsequent activation of the immune system. However, while TLR4 

can exhibit anti-tumour effects such as eliciting immune responses from the innate 

and adaptive immune systems, there is growing evidence of its involvement in cancer 

cell proliferation (136).  

It is now widely accepted that long-term chronic inflammation can lead to the 

development and progression of cancer, and the involvement of TLR4 in certain 

cancers, such as gastric cancer and hepatocellular carcinoma, is well-established. 

Gastric cancer, for example, involves infection by the bacterium Helicobacter pylori. 

While acute exposure to H. pylori results in the physiological release of pro-

inflammatory cytokines, sustained infection can lead to chronic inflammation. Over 

time, chronic inflammation can cause increased expression of TLR4 and, by 

extension, an overproduction of inflammatory cytokines. It is this overproduction of 

cytokines that can eventually contribute to mutations within the cell that cause 

phenotypic changes and disruption to signals associated with proliferation, survival 

and cell death (137). The same chronic inflammation experienced by mesothelial cells 

to asbestos exposure is the hallmark of malignant mesothelioma development. While 

other cancers such as gastric cancer experience LPS-induced inflammation, 

mesothelioma is attributed to inflammation associated with sustained asbestos insult. 
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 In physiological conditions, cell death within the body usually occurs through 

phagocytosis or apoptosis. However, in asbestos-affected mesothelial cells, cell death 

occurs via necrosis, and is associated with the release of DAMPs, particularly 

HMGB1, which binds to TLR4 in an autocrine fashion to induce the production of 

additional cytokines, therefore intensifying the inflammatory reaction. There is a 

strong correlation between cancer cells and increased expression levels of HMGB1, a 

link that parallels evidence demonstrating that HMGB1 can lead to several cancer-

promoting events including cell invasion, proliferation and metastasis (138-140). The 

interaction between HMGB1 and TLR4 involving inflammation is well-established, 

and there is evidence implicating both TLR4- and HMGB1 in cancer promotion. 

These interactions, along with previous siRNA screens identifying TLR4 as a 

potential therapeutic target in mesothelioma cell lines, imply that TLR4 may represent 

an important mediator in mesothelioma development. As such, it was crucial to 

examine the role of TLR4 in malignant and non-malignant mesothelioma cell lines, 

and assess the impact that TLR4 and downstream pathway inhibition would have on 

mesothelioma cell viability.  

 

6.2.1 TLR4 inhibition exhibited preferential reductions in NCI-H28 cell viability 

compared to non-malignant MeT-5A cell viability. 

TAK-242, a cyclohexane derivative, is known to selectively disrupt the 

interaction of TLR4 with adaptor molecules Toll-interleukin 1 receptor (TIR) domain- 

containing adapter protein (TIRAP) and TRAM, and effectively inhibit TLR4-

mediated intracellular signaling (141). TAK-242 works to inhibit TLR4 activation by 

blocking the C747 residue in TIR domains of TLR4, a critical residue required for 
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TRL4-Mal and TLR4-TRAM interactions (142, 143), and it is through this interaction 

that TLR4 signaling is impaired.  

Treatment with TAK-242 indicated that the malignant NCI-H28 cell line was 

more sensitive to TAK-242 than the non-malignant MeT-5A cell line. Additionally, 

the extent of cell death following a maximum concentration of 50"M was more 

significant in the NCI-H28 cell line than in the two other malignant IST-Mes2 and 

MM-Miller cell lines. Because such high concentrations of the drug were required to 

induce significant cell death, two conclusions can be drawn as to what this may 

suggest.  

The first accepts the assumption that TLR4 is up-regulated in malignant 

mesothelioma cell lines, and that TLR4 plays a small role in mesothelioma survival. 

In settings of chronic inflammation, continued stimulation of TLR4 can induce both 

pro- and anti-inflammatory effects. If pro-inflammatory signals are continuously 

produced, chronic inflammation ensues, at which times mutations may develop that 

subsequently rely on such signals to survive. Results suggest that this may be true, 

whereby inhibition of such a signal, whether it is from activation of TLR4 or 

pathways downstream to TLR4, lead to reduced proliferation and cell survival. 

Having required such high concentrations of the drug to induce a response may 

indicate that TLR4 plays only a minor role in mesothelioma survival, rather than a 

primary one, and that mesothelioma viability is reliant upon additional signaling 

pathways. Therefore, results from TLR4 inhibition loosely substantiates the data 

obtained from mesothelioma primary and functional siRNA screens, that contributes 

to the notion that TLR4 expression may be up-regulated in malignant mesothelioma 

cells.  
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The other possibility is that TLR4 activation and intracellular signaling is not 

required for cell survival in either of these cell lines, and that the cell death observed 

was the consequence of cytotoxic treatment doses. Although NCI-H28 cells showed 

increased sensitivity to TAK-242 over the other cell lines, this effect was largely non-

significant until concentrations exceeded 10"M. As such, reductions in cell death may 

have been a consequence of off-target effects and non-specificity of the drug due to 

excessive concentrations. This may be particularly true considering that neither of the 

additional malignant cell lines, IST-Mes2 and MM-Miller, exhibited significant 

reduction in viability at even the highest concentration. This is despite Western blot 

analysis indicating that these two cell lines expressed the highest levels of TLR4 

protein of the four cell lines examined. 

Although appearing potentially promising, it is not clear-cut whether the 

effectiveness of TLR4 inhibition is exclusively related to the functional activity of 

TAK-242, or whether the effect on viability is a consequence of excessive drug 

administration. As such, further in-depth analysis is required to more 

comprehensively examine the extent of TLR4 inhibition and its involvement in 

mesothelioma cell proliferation and survival. 

 

6.2.2 SP600125, Triptolide and BX-795 did not differentially affect malignant and 

non-malignant cell line viability  

TLR4 activation can initiate three possible intracellular pathways involving 

JNK, NF-!B and IRF3. JNK pathway activation results in JNK phosphorylating c-Jun 

and converging at AP-1 to induce pro-inflammatory cytokines and survival signals 

(144). SP600125, a reversible and novel inhibitor of JNK, works to inhibit JNK 

through competition with ATP to prevent phosphorylation of c-Jun, and in turn, 
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suppresses the activation of inflammatory genes such as cyclooxygenase 2 (COX-2), 

interleukin 2 (IL-2), interferon gamma (IFN-&) and TNF-$ (145). Numerous studies 

have demonstrated the effectiveness of SP600125, including one in which the drug 

was able to inhibit proliferation by inducing mitotic spindle aberrations and resulted 

in apoptosis in HeLa cells, a cell line derived from cervical cancer (146). 

Short-term viability assays indicated that the malignant NCI-H28, IST-Mes2 

and MM-Miller cell lines, and the non-malignant MeT-5A cell line demonstrated 

similar cell death profiles when treated with SP600125. All four cell lines exhibited 

significant sensitivity to the drug with IC50 values in the range of nanomolars. The 

most substantial difference between cell lines was that of NCI-H28, which showed a 

2-fold decrease in sensitivity compared to the MeT-5A cell line. 

The sharp and consistent reductions in viability of all cell lines may firstly 

relate to the function of SP600125 and its inhibitory effects on c-Jun and AP-1. AP-1 

is involved in regulating the transcription of genes relating to cell cycle regulation, 

growth factors, and cytokine production. As a result of JNK inhibition, and by 

extension, inhibition of AP-1, it is therefore possible that the reduction seen in cell 

line viability demonstrates the significance of AP-1 within the cell. Results suggest 

that cells may require AP-1 to be constitutively expressed in order for basic cellular 

functioning and survival. An argument to this, however, is that several other studies 

have identified SP600125 as a blocker of G2/M phase, inciting cell cycle arrest but 

not causing cell death (147). While this may be true in some cell lines, cell cycle 

arrest would not have induced the significant reductions that were observed in cell 

viability in the MeT-5A, NCI-H28, IST-Mes2 and MM-Miller cell lines. 

Reductions in cell viability may also be attributed to drug cytotoxicity. While 

this may be the case, it is somewhat unlikely considering the low levels of treatment 
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doses that were administered. In addition, one particular study showed that there was 

no evidence of toxicity in Jurkat T cells, an immortalised line of human T lymphocyte 

cells, when using SP600125 concentrations in excess of 50"M (147). This is despite 

being a significantly higher concentration than that administered to mesothelioma cell 

lines. As such, cytotoxicity being the reason for cell death is questionable.  

Triptolide, derived from the Chinese herb Tripterygium wilfordii, is an NF-!B 

inhibitor, and exerts both pro-apoptotic and anti-proliferative properties in tumour 

cells in vitro (124). Several studies have demonstrated that it is able to induce 

apoptosis by increasing the release of cytochrome C and activation of caspase-3. It 

also induces apoptosis by indirectly suppressing NF-!B signaling primarily through 

the Protein Kinase B/Glycogen synthase kinase 3 beta/mTOR (AKT/GSK3#/mTOR) 

pathway, a pathway that is known to be involved in cell cycling, proliferation and 

cancer. It also inhibits proliferation by up-regulating p21, an inhibitor of cyclin-

dependent kinases to induce cell cycle arrest (124, 148). As such, it was anticipated 

that this drug might demonstrate apoptotic and anti-proliferative effects, and 

selectivity towards malignant mesothelioma cell lines.  

Although Triptolide having shown previously strong evidence involving 

inhibition of tumour proliferation and metastases in various cancers both in vivo and 

in vitro, there was little difference seen in viability and IC50 values between the 

malignant NCI-H28 and non-malignant MeT-5A cell line. Interestingly, however, 

IST-Mes2 and MM-Miller demonstrated relatively consistent resistance to Triptolide 

in comparison to MeT-5A and NCI-H28 cell lines. No significant changes to cell 

viability were observed in IST-Mes2 and MM-Miller cell lines until concentrations 

reached 100nM and 10nM, respectively. While this could be interpreted as the drug 

demonstrating specificity for MeT-5A and NCI-H28 cell lines, Triptolide has 
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previously been documented to either induce apoptosis or arrest cell growth based not 

only on its concentration but also the cell type being treated (149-151). Several 

studies using HeLa cells provided evidence that low concentrations of Triptolide, 

such as 10nM, causes cell cycle arrest but does not induce cell death (150, 151), a 

result similar to that seen in IST-Mes2 and MM-Miller cell lines. This is compared to 

a ~75% reduction in cell viability of MeT-5A and NCI-H28 cell lines at the same 

concentration. As such, the IST-Mes2 and MM-Miller cell lines may have been 

undergoing cell cycle arrest, rather than exhibiting an increased resistance to the drug. 

A possible reason for the delayed response in cell death as seen in the IST-

Mes2 and MM-Miller cell lines may be related to extracellular calcium levels. A 

study by (150) examining the function of Triptolide demonstrated that cell death and 

cell cycle arrest can be modulated by calcium levels, with the authors concluding that 

1) significant cell death can occur within 24 hours in the presence of  high calcium 

levels, and 2) the absence of calcium significantly reduces cell death, even after 72 

hours. Conclusions made by Leuenroth and Crews may therefore be applied to these 

results, with low calcium levels possibly being the cause for the significant delay in 

apoptosis. Arguably, however, it is likely that there remains a pathway or mechanism 

that remains able to promotes apoptosis, since the lack of calcium that delays, but 

does not cause cell death. 

Such an explanation, in association with previous research indicating that 

Triptolide concentration and cell type can influence the extent of cell cycle arrest and 

apoptosis, is consistent with observations made in IST-Mes2 and MM-Miller cell 

lines. IST-Mes2 and MM-Miller cells appeared to undergo cell cycle arrest until 

concentrations favoured the induction of apoptosis. Therefore, the results presented 

by Leuenroth and Crews may illustrate why variances were observed in this study 



 109 

between cell lines in response to different concentrations of Triptolide, and why the 

drug exhibited non-specificity between some cell lines, and a delayed but similar 

response in others. Overall, the results depict the complex nature and role that NF-!B 

and apoptosis play within a cell. NF-!B can both up-regulate transcription of pro-

inflammatory cytokines to promote cell survival, as well as up-regulate apoptotic 

factors to induce apoptosis and cell death. As such, the intracellular signaling that 

occurs following TLR4 activation is not a simple process, particularly where NF-!B 

is involved.  

BX-795, an IRF3 inhibitor, was also used to further explore the role that 

downstream pathways of TLR4 may have on mesothelioma cell line viability and 

growth. BX-795 is an aminopyrimidine compound and is a potent inhibitor of IKK-

related kinases including TBK1 and IKK%. It works by blocking phosphorylation of 

TBK1 and IKK%, which subsequently inhibits the nuclear translocation and 

transcriptional activity of IRF3 to inhibit IFN-# production (152, 153). Other studies 

have demonstrated its anti-tumour activities, with one study establishing that BX-795 

was able to induce apoptosis and causes M0-phase cell cycle arrest in oral cancer cells 

(154), while another demonstrated that BX compounds, including BX-795, were able 

to inhibit the growth of PC-3 cells, a prostatic small cell carcinoma cell line (155).  

Unlike previous research on cancerous cell lines, BX-795 did not shown any 

differential effects between malignant and non-malignant cell lines regarding cell 

viability. All four cell lines exhibited a very similar trend in cell viability at all 

concentrations. A reason for this may be the non-specificity of BX-795.  It has been 

previously demonstrated that small molecular inhibitors, including BX-795, lack 

specificity in targeting TBK1 alone, and can inhibit other kinases such as 

Phosphoinositide-dependent kinase-1 (PDK1), JNK, and p38, even at very low 



 110 

concentrations (156, 157). As such, inhibition of several kinases due to off-target 

effects of BX-795 may have inhibited pathways required for basic cellular 

functioning. This suggests that TBK1/IKK%, or kinases such as PDK1 and JNK, 

which are potential targets of non-specificity of BX-795, are implicated in pathways 

necessary for cells survival. It is possible that off-target effects did in fact inhibit 

kinases such as JNK in this study, particularly when considering that results observed 

following BX-795 are consistent with reductions in cell viability that were observed 

following JNK inhibition.  

Another reason may relate to the drug doses administered to cells. While 

concentrations ranged from 10nM to 100"M, no significant reductions were seen in 

either cell line until concentrations exceeded 10"M. High concentrations may have 

not only been cytotoxic, but may have further exacerbated the non-specificity of BX-

795 to inhibit kinases not involved in the IRF3 pathway. Interestingly, one particular 

study demonstrated that BX-795 concentrations of 10"M caused cytotoxicity in the 

mouse macrophage cell line, RAW 264.7 (158), an indication that cytotoxicity as a 

cause of cell death is possible. 

 Overall, JNK, NF-!B and IRF3 did not represent viable drug targets for the 

treatment of mesothelioma. Both SP600125, Triptolide and BX-795 molecular 

inhibitors affected both malignant and non-malignant cell lines in a nearly identical 

fashion. Furthermore, IST-Mes2 and MM-Miller cell lines demonstrated different 

responses to each drug treatment compared to NCI-H28. These results indicate that 

malignant mesothelioma cell lines differ in terms of their response to molecular 

inhibition. This suggest that the pathways and receptors examined may not function in 

a uniform manner, and may represent the acquisition of different mutations in 

different cell lines. As such, further experimental investigations are required to not 
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only determine the maximal dose levels of each drug, but to also validate target 

engagement of each drug in an attempt to confirm target-drug interactions. 

Additionally, further analysis pertaining to factors that may influence the activity of 

the drugs is also needed. 

 

6.2.3 Combination treatment using TLR4 and IRF3 inhibition exhibited a small 

additive effect on malignant NCI-H28, IST-Mes2 and MM-Miller cell lines 

Initial TLR4 and IRF3 inhibition using TAK-242 and BX-795 indicated a 

small differential effect in reducing cell viability between the non-malignant MeT-5A 

cell line and the malignant NCI-H28 cell line. To investigate whether the efficacy of 

two drugs increased when used in combination, combination treatment using TAK-

242 and BX-795 was undertaken.  

Overall, the malignant NCI-H28, IST-Mes2 and MM-Miller cell lines showed 

similar reductions in cell viability, mimicking what was seen during individual short-

term metabolic assays. However, when BX-795 and TAK-242 were administered at 

concentrations equivalent to their IC50 values, there was an observable additive effect.  

This effect was seen in all malignant cell lines, and was most significant in the NCI-

H28 and IST-Mes2 cell lines when comparing TAK-242-only, and combination 

treatment. This suggests that TLR4 inhibition may sensitive the cells to IRF3 

inhibition. The lack of data pertaining to the response of non-malignant MeT-5A cell 

line to the treatment, however, makes interpreting the significance of these findings 

difficult, despite the potential this combination appeared to have on malignant 

mesothelioma cell lines. Although outside of the scope of this research, this finding 

may contribute to the on-going analysis of combination therapy for mesothelioma 

treatment that is currently being undertaken.  
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6.3 Long-Term Effects of TLR4 Inhib ition on Colony Forming Ability in MeT -

5A and NCI-H28 Cells 

6.3.1 Inhibition of TLR4 inhibited the long-term colony forming capacity of malignant 

NCI-H28 cell line compared to MeT-5A cell line when treated with 50"M TAK-242 

 The assessment of long-term viability of cells was used to determine the 

extent to which drug treatments affected the growth of progeny cells derived from a 

single cell following molecular inhibition. CFAs were used to demonstrate the fate of 

cells that remained viable following drug treatments.  

 TAK-242 was the only drug that demonstrated specificity for the malignant 

NCI-H28 cell line over the non-malignant MeT-5A cell line in terms of inducing cell 

death. Treated with several concentrations spanning the dose range used in the short-

term metabolic assay, only minimal changes were seen in MeT-5A colonies, while 

much larger reductions in colony formation were observed in the NCI-H28 cells. This 

not only confirmed that the NCH-H28 cell line did in fact exhibit increased sensitivity 

to the drug compared to MeT-5A cells, but further confirmed that the effect of the 

drug was persistent several days following initial treatment. Despite surviving the 

initial 72 hours of TAK-242 treatment, the viability of cells in the CFA continued to 

fall. This may be attributed to a number of things, relating in particular to the 

resistance of cells to the drug, and sensitisation of the cells based on initial TAK-242 

concentrations.  

It is likely that those cells that survived the initial 72 hours TAK-242 

treatment exhibited some level of resistance to the drug. Although cells may have 

exhibited resistance to initial treatments, colony formation continued to decrease with 

increasing TAK-242 concentrations. Because drug treatments can drive the natural 

selection of resistance in cells, results suggest that although cells were able to survive 
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the initial treatment, increasing concentrations placed increasing cellular pressures on 

surviving cells, causing less resistant cells to undergo cell death during the CFA. 

While initial TAK-242 treatment selected for resistant cells, the long-term effect of 

higher concentration of the drug sensitised those cells that were less resistant to 

cellular stressors to undergo cell death. 

 Despite a lack of understand pertaining to the mechanism of cell death or cell 

survival of treated cells undergoing colony formation, the results were concurrent 

with those obtained from the short-term metabolic assay. This not only suggests that 

cell death can occur following short-term drug treatment, but that surviving cells 

continue to undergo cell death in the days and weeks following, despite no longer 

being exposed to the drug. In saying that however, the mechanism of continued cell 

death is unknown. It is therefore hard to distinguish whether those cells that survived 

did so as a result of long-term resistance to TAK-242, or whether those cells that died 

did so due to selective pressures. Additionally, it is hard to determine whether any 

possible resistance to the drug was maintained throughout cell division and passed 

down to progeny cells. 

 

6.4 Effects of TLR4 Gene Knock-Down on Cell Viability in MeT-5A and NCI-

H28 Cell Lines Using siRNA 

6.4.1 Flow cytometry demonstrated reduced siRNA transfection efficiency in MeT-5A 

compared to NCI-H28 cell lines when using siGLO  

Prior to treating cell lines with an siRNA coding for the TLR4 gene, the 

fluorescently-tagged siRNA, siGLO, was used to analyse the transfection efficiency 

and the extent to which the vehicle was effectively able to deliver the siRNA into the 
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cell. Data from this analysis was then used to interpret data obtained from TLR4 

siRNA treatment. 

Vehicle-only transfections showed consistency in cell viability compared to 

untreated non-malignant MeT-5A and malignant NCI-H28 controls, and between the 

two cell lines. The vehicle-only controls did not cause any significant reduction in cell 

viability, thus demonstrating its ability as an appropriate vehicle for transfection, and 

indicating that any reductions that may have been observed in treatments containing 

siRNA were the likely effect of the siRNA itself. Analysis determined that the 

transfection efficiency between samples was inconsistent, with the malignant NCI-

H28 cells exhibiting a 30% increase in transfection efficiency compared to the non-

malignant MeT-5A cells. While variances in transfection efficiency are commonly 

known to exist between cell lines, such large variances can make data interpretation 

potentially problematic. 

In regards to the lowered transfection efficiency of MeT-5A cells, several 

reasons for this were considered, including contamination by Mycoplasma bacterium. 

Mycoplasmas are hard to detect, even by microscopy, and their lack of rigid cell walls 

make them resistant to many antibiotics. They are a common laboratory contaminant, 

and owing to their basic genome, they need to exploit their host in order to survive. 

This can alter several facets of mammalian cell functioning, including the expression 

of hundreds of genes associated with cellular metabolism, as well as cytokine 

production through the induction of the NF-!B pathway, all of which can affect 

experimental results and lead to biased outcomes (159, 160). Such an infection with 

Mycoplasma may explain the differences in transfection efficiencies between MeT-

5A and NCI-H28 cell lines. 
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Furthermore, reduced transfection efficiencies can also lie within the type of 

the cell line being transfected. It is well known that differences in transfection 

efficiencies exist between normal and cancerous cell lines, commonly the result of 

replication time and levels of confluency. However, particular properties of siRNA, 

such as its anionic charge and molecular weight, can also cause difficulties when 

transfecting cells, particularly in terms of passing the lipid membrane (161). 

Cytotoxicity also represents a significant problem, particularly when using 

nanoparticles containing cationtic lipids. The interaction between the cationic head of 

the lipid and the cell membrane can lead to necrosis and cell lysis (161).  

Differences in cell line characteristics may have also beeen the cause for 

varied transfection efficiencies seen between these two cell lines. HEK293 cell line, 

derived from human embryonic kidney stem cells, and HeLa cells, are considered 

Ôeasy-to-transfectÕ cells, and are far less challenging to transfect than others, such as 

primary cell lines or those that reside in suspension. Although not well understood, 

membrane properties and composition that are characteristics to a cell line, such as 

cell membrane thickness, and the proportion of lipid and cholesterol components, 

mean that some cells are inherently harder to transfect than others (162). 

 

6.4.2 TLR4 gene knock-down did not significantly affect the viability of malignant 

NCI-H28, or non-malignant MeT-5A cell lines 

siRNA, also called RNAi, are a class of non-coding double-stranded RNAÕs, 

usually 20 to 25 bases in length, that function to interfere with the translation of 

specific genes and therefore inhibit protein production. The process of RNAi follows 

that when dsRNA or short hairpin RNA (shRNA) is introduced into the cell, it 

becomes cleaved by an endo-ribonuclease called Dicer to form siRNA. The siRNA 
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then becomes incorporated with other proteins to form the RNA-induced Silencing 

Complex (RISC), and is subsequently unwound by the catalytic component Argonaut 

to form single-stranded RNA, the sequence of which is complementary to the gene of 

interest to be silenced. The siRNA scans for the complementary mRNA sequence 

within the cell, and once bound, induces mRNA cleavage. This cleavage essentially 

suppresses the translation and expression of that gene and inhibits protein formation. 

Following the development of RNAi, siRNA has potential as a cancer treatment 

following preclinical and Phase I clinical trials (163). 

 The effectiveness of siRNA in suppressing gene-specific sequences that code 

for oncogenes and proteins known to be mutated in specific cancers has been 

demonstrated and tentatively established in recent years. Preclinical and Phase I//II 

trials have explored siRNA treatment in cancer cells both in vitro and in vivo, 

including siRNAÕs against k-Ras in pancreatic ductal adenocarcinoma, PLK1 in 

advanced solid tumours, and VEGF in liver cancer (163). In addition to these targets, 

other trials have demonstrated that knock-down of TLR4 using siRNA decreases the 

invasiveness of cancer cells, and has been shown to decrease tumor burden in a mouse 

model of various cancers, including colorectal metastasis and hepatic steatosis (164). 

Based on this research, and the belief that 1) TLR4 expression is up-regulated in 

malignant mesothelioma cells, and 2) malignant mesothelioma cells are reliant on 

TLR4 for cell survival and proliferation, it was hypothesised that TLR4 knock-down 

would reduce cell viability in malignant NCI-H28 but not non-malignant MeT-5A cell 

lines.  

Despite the MeT-5A cell line having a transfection efficiency 30% less than 

the NCI-H28 cell line, both showed a very similar reduction in viability following 

siPLK treatment, with siPLK being a positive control used to induce cell death and 



 117 

confirm the functional activity of siRNA. It was interesting to note that the MeT-5A 

cell line actually exhibited greater reductions in cell viability than that of NCI-H28 

cells, despite having a lower transfection efficiency. This observation was consistent 

throughout all siRNA treatments, with the negative siGFP control treatment also 

causing a greater reduction in MeT-5A cell viability compared to NCI-H28 cells, 

despite the absence of any functional gene-silencing properties. Because there was no 

change in viability in vehicle-only controls, these results suggest that the mere 

presence of siRNAs, regardless of their gene-silencing capabilities, induced a small 

reduction in MeT-5A cell viability. Importantly, these reductions may have been even 

more prominent if transfection efficiencies between cell lines were equivalent. 

Despite NCI-H28 cells having a higher transfection efficiency than MeT-5A cells, the 

negligible difference in cell viability between the cell lines suggests that NCI-H28 

cells are more resistant to general cellular stress, such as the presence of siRNAs, 

compared to the MeT-5A cell line.  

The siRNA of interest, siTLR4, showed no significant reductions in cell 

viability within or between treatment groups. This is especially interesting 

considering the lowered transfection efficiency of MeT-5A cells. This begs the 

question whether MeT-5A cells would have shown even greater reductions in 

viability following siTLR4 treatment if its transfection efficiency was comparable to 

NCI-H28 cells. Overall, the siTLR4 did not significant reduce the cell viability of the 

MeT-5A or NCI-H28 cell lines. This suggest that either the design sequence of the 

siTLR4 was flawed resulting in a non-functional siRNA, or that TLR4 gene silencing 

does not significantly affect cell viability of malignant mesothelioma cell lines.  
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6.5 Examination of Apoptosis in Malignant and Non-Malignant Cell Lines 

Treated With Molecular Inhibitors  

6.5.1 PARP-1 cleavage was present in all drug treatments for all cell lines except the 

malignant NCI-H28 cell line 

 Western blotting probing for PARP-1 was used to observe whether cells that 

had been treated using molecular inhibition underwent cell death via apoptosis. 

Following Western blot analysis, PARP-1 cleavage was evident in all treatment 

groups for all cell lines, except the malignant NCI-H28. Interestingly, the TLR4 

inhibitor, TAK-242, was the only drug treatment that caused PARP-1 cleavage in the 

NCI-H28 cells, while the remaining drug treatments appeared absent of any cleavage 

events indicative of apoptotic processes.  

Substantiating what was observed following TAK-242 treatment, NCI-H28 

cells exhibited a considerable amount of PARP-1 cleavage compared to MeT-5A 

cells. Additionally, the lack of apoptosis observed in SP600125 and Triptolide 

treatments was consistent with short-term dose-response curves that were generated, 

as the NCI-H28 cell line was 2- and 3-fold less sensitive to the drugs than MeT-5A 

cells. Interestingly, IST-Mes2 and MM-Miller cell lines showed signs of apoptotic 

processes when treated with Triptolide, despite exhibiting delayed sensitivity to the 

drug and demonstrating 21- and 5-fold increases in resistance compared to NCI-H28 

cells. The apoptosis observed in IST-Mes2 and MM-Miller cell lines for SP600125, 

and BX-795 treatment was consistent with short-term metabolic assays, whereby both 

cell lines were more sensitive than the NCI-H28 cell line. Interestingly, BX-795 was 

the only treatment that was inconsistent with short-term metabolic assay results. The 

NCI-H28 cell line showed no signs of PARP-1 cleavage, despite being 1.3-fold more 

sensitive to the drug than MeT-5A. 
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Although inconsistent with the other cell lines, NCI-H28 cells may have 

undergone necrosis, rather than apoptosis, in BX-795 treatments. Because 

intracellular levels of ATP are able to regulate the mechanism of cell death, low levels 

of ATP, which favour a shift toward necrosis over apoptosis, may have been the 

cause. This may have occurred if PARP-1 had became hyperactivated following BX-

795 treatment, and subsequently caused the cell to consume considerable amounts of 

nicotinamide adenine dinucleotide (NAD+) and become largely depleted in 

Adenosine triphosphate (ATP) in an effort to resynthesize NAD+ (165). This 

depletion in ATP may have subsequently favoured necrosis over apoptosis, and 

resulted in the absence of apoptosis-associated PARP-1 following Western blot 

analysis. This is speculation only, however, and considering the similar nature of 

responses observed not only in the other malignant cell lines, but also in the MeT-5A 

cell line, seem somewhat unlikely. As such, the true reason for the lack of apoptosis 

in NCI-H28 cell line following BX-795 treatment is not known. 

 

6.6 TLR4 Protein Expression in Untreated Malignant and Non-Malignant 

Mesothelioma Cell Lines 

6.6.1 TLR4 protein expression was up-regulated in untreated malignant mesothelioma 

cell lines compared to non-malignant mesothelial cell lines 

 Western blot analysis probing for TLR4 was undertaking in an effort to 

determine whether differences existed in TLR4 protein expression between malignant 

and non-malignant cell lines. Western blot analysis displayed several TLR4 immuno-

reactive bands corresponding to presumptive cleavage products of 50kDa, 37kDa, 

~35kDa. Despite having a predicted molecular weight of ~96kDa, TLR4 bands can 

appear at different sizes, commonly corresponding to ~75kDa and ~87kDa. Bands 
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often appear at much larger weights however, as a result of post-translational 

modifications and phosphorylation events that lead to increases in protein size. 

Several TLR4 bands corresponding to different molecular weights can be 

attributed to a number of reasons. The theory basic behind Western blot analysis is 

that proteins are separated by current and voltage, with smaller proteins generally 

migrating faster through the gel than larger proteins. Several other factors can affect 

the migration of proteins, however, altering the size and migration of protein 

components. Post-translational modifications, including phosphorylation and 

glycosylation, are common in proteins, and can increase the size of the protein of 

interest. Glycosylated TLR4 is commonly observed in Western blotting, increasing 

the size of the protein from ~96kDa to upwards of 130kDa (166, 167).   

Although unexpected, the presence of several bands in not uncommon when 

probing for TLR4, with several papers documenting the presence of up to four bands 

in Western blot analysis (133, 135, 168). Furthermore, TLR4 often appears in 

doublets, indicative of varying degrees of glycosylation and other post-translational 

modifications, which is consistent with observations made in this study (135). 

Additionally, alternative splicing of proteins is common in cancer, and may further 

allude to the reasons for observing varying numbers of TLR4 bands in different cell 

lines. As such, the primary cleavage products may be indicative of two things, the 

first being that the top two bands, which correspond to approximately 37kDa and 

50kDa, equates to the sum of the commonly native 87kDa TLR4 protein. The second 

is that the sum of all three TLR4 products, being ~120kDa, is consistent with the 

molecular weight of glycosylated TLR4. Therefore, densitometry was used to 

determine the expression levels of all TLR4 bands in the non-malignant MeT-5A, and 

malignant NCI-H28, IST-Mes2 and MM-Miller cell lines. Compared to the non-
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malignant MeT-5A cell line, all three malignant NCI-H28, IST-Mes2 and MM-Miller 

cell lines showed an increase in TLR4 protein expression.  

Western blotting confirmed that TLR4 protein expression was increased in 

several malignant mesothelioma cell lines compared to a non-malignant mesothelial 

cell line. This single outcome alone provides preliminary evidence of TLR4 having a 

role in malignant mesothelioma. It is possible that this increased presence of the 

TLR4 protein on the cell surface is a consequence of mutations derived from 

continuous interactions of TLR4 with extracellular HMGB1, a process that drives the 

continuous survival signaling of TLR4 in malignant mesothelioma. 
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7.0 Limitations 

While this study examined the viability of several treatment modalities 

targeting a potential therapeutic target in malignant mesothelioma, several limitations 

in this research that are note-worthy.  

As with all novel investigations performed in vitro, continuous cell lines were 

used rather than primary cells. Cell lines, commonly virus-transformed and isolated 

cells, are not as biologically relevant as primary cell lines, and are less clinically 

translatable to a living organism. This is compared to primary cell lines that more 

closely represent characteristics and cellular functioning specific to primary tissue 

cells. Cell lines do, however, remain a commonly used resource of in vitro studies, 

particularly in cancer research, with many benefits to their use. Compared to primary 

cells, cell lines are much more cost effective and easier to obtain than primary cells, 

and are able to be maintained for a significantly longer period of time. Additionally, 

cell line data remains reliable within the scientific community, with preliminary 

evidence often used to justify the need for further research involving in vivo studies. 

Another key factor that may have influenced the results of this study was the 

variation in passage number that existed between the four cell lines. The two main 

cell lines used in this research, MeT-5A and NCI-H28, had previously been 

maintained over different periods of time, ultimately leading to the passage number of 

NCI-H28 cells to be nearly double that of MeT-5A cells. Large differences in passage 

numbers between cell lines have previously been known to affect the outcome of 

experimental results, with extended maintenance causing cells to undergo Ôphenotypic 

driftÕ, deviations that occur in the morphological phenotype of the representative cell 

type (169). Many continuous cell lines also have defects in p53, increasing the 

likelihood of mutations the longer a cell line is maintained (170).  Additionally, the 
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malignant IST-Mes2 and MM-Miller cell lines were introduced into experiments at 

even lower passage numbers, having been passaged only a handful of times. As such, 

significant variations in passage number between cell lines may have incorrectly 

suggested that particular cell lines were more sensitive to treatments than others, as a 

result of potential deviations in the morphology and functional activity. 

 Regarding the comprehensive analysis of mesothelioma cell lines, the 

involvement of malignant IST-Mes2 and MM-Miller cell lines was introduced in the 

latter part of this study, meaning that the two cell lines were not involved in all 

experimental procedures. Further experimental involvement, particularly in siRNA 

treatments, would have provided a more sound analysis of the functional activity and 

response to treatments in these clinical cell lines. It may also have alluded to whether 

variances existed between clinical samples, and between the malignant NCI-H28 cell 

line, in response to molecular inhibition and siRNA treatments. 

Another limitation relates to the plating efficiency of CFAs. Despite being a 

commonly used tool for long-term drug effectiveness, the accuracy of plating such a 

small number of cells is difficult, and it is often hard to determine consistency 

between replicates. The only provision used to determine this was visual inspection 

immediately after plating through use of a microscope.  Furthermore, variances in 

growth characteristics may have introduced inconsistencies in colonies counting 

between MeT-5A and NCI-H28 cell lines. As such, future CFAs may require the use 

of automated image analyses to quantify and determine the total number of individual 

cells of cell suspensions immediately following plating to ensure accuracy and 

consistency in seeding numbers.  

A further limitation that was identified involved the differences in transfection 

efficiency between cell lines. Following flow cytometry analysis of transfection, the 
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MeT-5A cell line has a transfection rate 30% less than that of NCI-H28 cells. While it 

is well-established that transfection efficiencies do differ between both healthy and 

cancerous cell lines, and between cancer cell lines themselves, the discrepancy in 

transfection rate made it inherently difficult to interpret the true nature of results 

following siRNA treatment. Furthermore, the non-malignant MeT-5A cell line 

showed a small level of sensitivity to the presence of siRNAs, further hindering the 

interpretation of results. Lastly, there was a lack of optimisation pertaining to 

transfection reagent used to transfect cells. Oligofectamineª was the only reagent 

used to transfect cells, and while siRNA concentrations were optimised, there was no 

optimisation of lipid:siRNA ratio, or experimental evaluation of other lipid vehicles. 

Such a process may have reduced any toxicity-related cell death, and increased 

transfection efficiencies.  

 Although the mechanism of cell death following drug treatments was 

examined in each cell line using Western blot analysis, no adjunct experiments were 

undertaken to validate or verify target engagement of each drug that was examined. 

This is a critical step required to not only confirm drug interactions with target 

molecules, but also for correct interpretation of results.  

Due to time constraints and/or reagent exhaustion, several experiments were 

not undertaken. The initial research design intended to 1) further analyse the 

mechanism of cell death following molecular inhibition, and 2) determine whether 

siRNAs targeting TLR4 caused reductions in TLR4 gene expression. The first 

experiment omitted was the analysis of cell death using flow cytometry. While 

Western blotting examined the presence of apoptosis, flow cytometry would have 

further supplemented the data by not only quantifying the surface expression levels of 

TLR4, but also identifying the effects of each drug by examining the extent of early 
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and late apoptosis, and necrosis. Doing so would have further alluded to the function 

of the drugs, and provided preliminary evidence regarding whether the drug was 

inducing cell death by inhibiting the intended molecular target. Additional 

experiments that were omitted related to the extent of siRNA knock-down following 

siTLR4 treatment, particularly Western blot analysis, flow cytometry and quantitative 

real-time polymerase chain reaction (qRT-PCR). Western blot analysis and flow 

cytometry performed on untreated and siRNA-treated cells would have been a 

valuable control experiment that was not undertaken. Western blot analysis would 

have been ideal not only to confirm that the siRNA was functional (by reducing levels 

of TLR4 protein expression), but also to test the validity that the several bands 

identified on the TLR4 Western blot membrane all corresponded to TLR4. 

Additionally, flow cytometry would have been useful for detecting levels of TLR4 

expression and extent of siRNA knock-down following siRNA treatment. 

Undertaking qRT-PCR would have been an essential experiment used to quantify 

both the basal mRNA expression levels of TLR4 in malignant and non-malignant cell 

lines, and the extent to which siRNA treatment caused TLR4 gene silencing following 

siRNA treatment.  

 In addition, the Western blot analysis examining TLR4 protein expression was 

performed only a single time. Although a positive control was included, no negative 

control was used to determine low or negligible expression levels of TLR4, and was 

instead compared to the non-malignant mesothelial control cell line. A negative 

control would have not only confirmed whether the non-malignant MeT-5A cell line 

exhibited low levels of TLR4 and was an adequate control cell line, but also 

strengthened the evidence of TLR4 up-regulation in malignant mesothelioma cell 

lines. 
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Lastly, several experimental results presented were not replicated, either 

biologically or experimentally, with experiments untaken a single time only. Further 

replications would have been crucial in determining whether the results that were 

obtained from initial experiments were genuine and accurate.   
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8.0 Future Directions 

 With more information arising each year, many avenues of future research are 

yet to be explored. In order to more comprehensively investigate malignant 

mesothelioma and potential therapeutic targets further, additional research is required. 

Future mesothelioma research should focus on the examination of malignant 

cell lines additional to that of NCI-H28, IST-Mes2 and MM-Miller. The investigation 

of additional cell lines, particularly those derived from different anatomical sites, and 

with different metastatic profiles, may strengthen knowledge relating to what is 

already known. Conversely, it may demonstrate that significant variances exist 

between different biological samples derived from the same cancer. Therefore, 

research is required to explore whether commonalities and variances exist between 

numerous malignant mesothelioma cell lines. Such a process is particularly relevant if 

identified differences dictate treatment options. 

Small interfering RNA has been growing in popularity in recent years, and 

although limited RNAi data was derived from this research, RNAi may still play a 

role in mesothelioma research. As there was a large variance in the percentage of 

MeT-5A cells that were transfected compared to the NCI-H28 cells, further siRNA 

analysis may be warranted in order to examine whether this difference significantly 

affected TLR4 knock-down and cell viability. To accomplish this, several different 

approaches could be undertaken. One approach involves investigating whether 

efficiencies vary when using different transfection reagents. While Oligofectamineª 

was used, several other lipid-based vehicles, such as Lipofectamine¨ 2000 or 

HiPerFect, are commonly used, with Lipofectamine¨ 2000 in particular being 

marketed for use in hard-to-transfect cell lines. It also exhibits lower toxicity than 

other transfection reagents, minimising the chance of toxicity-related cell death. 
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Although optimisation of siRNA concentrations was undertaken, further protocol and 

lipid:siRNA ratio optimisations may reduce the toxicity caused by the presence of 

siRNA. 

Experimentally, several adjunct experiments could be undertaken in the future 

to validate the engagement of each drug with its target molecule. Several molecular 

targets and/or pathways were inhibited in this study, including TLR4, JNK, NF-!B, 

and IRF3. Because activation of the JNK pathway regulates the transcription of IFN-

&, IL-2, TNF-$ and COX-2, validation of target engagement could involve stimulating 

cells with phorbol 12-myristate 13-acetate (PMA), a specific activator of Protein 

Kinase C (PKC), and performing Western blot analysis probing for the JNK, p38, 

ERK, and IKK signaling pathways. Examination of these additional pathways would 

determine the drugs interaction with the target pathway, and whether involvement or 

activation of other pathways exists. Furthermore, target engagement and specificity 

for JNK inhibition over other pathways could involve analysing the phosphorylation 

profile of other pathways, including MAPK phosphorylation, which would indicate 

the extent of the drugs specificity for JNK over other pathways.  

In terms of the NF-!B pathway, inhibition could be confirmed by undertaking 

enzyme-linked immunosorbent assay (ELISA). Following cells treated in both the 

presence and absence of the NF-!B inhibitor, nuclear extracts are able to bind to a 

dsDNA sequence that contains the NF-!B response element. A subunit of NF-!B, 

called p65, is detected by the addition of a primary antibody directed against p65, 

with colourmetric detection occurring following the addition of a secondary antibody 

conjugated to HRP. The absorbance emitted from cells extracts indicates the presence 

of NF-!B, and verifies the extent to which the NF-!B  pathway is inhibited following 

drug treatment. 
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For cells treated with the IRF3 inhibitor, BX-795, a confirmatory experiment 

may include that which involves Polyinosinic:polycytidylic acid (Poly I:C). Poly I:C 

is dsDNA that is structurally similar to the double-standed RNA (dsRNA) found in 

viruses. This dsRNA analog simulates viral infections and induces interferon release 

through activation of IRF3. Such an experiment would involve adding Poly I:C to 

cells in both the presence and absence of BX-795, and then quantifying the levels of 

IRF3 found in the supernatant. If IRF3 levels are reduced in the drug-treated groups 

compared to untreated groups, efficacy of the drug and its target is subsequently 

verified. Similar to the NF-!B pathway, IRF3 pathway inhibition could also employ 

the use of an ELISA assay to verify target engagement. 

 Several experiments that were omitted due to time constraints represent 

important steps that are required in order to more comprehensively investigate 

malignant mesothelioma. Flow cytometry, for use in cell death analysis following 

drug treatments, would be essential for identifying the extent to which observed cell is 

due to apoptosis. This is particularly important for drugs whose mechanism of 

inhibition works by inducing, either directly or indirectly, apoptosis. Additionally, 

flow cytometry would be useful for effectively quantify the number of cells that 

remain viable, those that are necrotic, and which of the apoptotic cells are engaged in 

early and late apoptosis. Another important experiment to be undertaken is qRT-PCR. 

Undertaking qRT-PCR would be ideal not only to quantify, in relative terms, the 

mRNA expression of TLR4, but also to determine whether siRNA treatment targeting 

the TLR4 gene resulted in gene-knockdown. Furthermore, establishing the basal 

mRNA expression levels of TLR4 could be used to validate hypotheses suggesting 

that TLR4 is up-regulated in malignant mesothelioma cell lines compared to non-

malignant cell lines. If gene-knockdown occurred following siRNA treatment, 
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undertaking Western blot analysis comparing pre- and post-siRNA treated cell lines 

would further establish the extent to which TLR4 gene silencing affects protein 

production to cause observable reductions in TLR4 protein expression. 

 Future experiments should also be repeated to include biological and 

experimental replicates, to ensure that data obtained from experiments are true and 

accurate, particularly experimental replicates. This is particularly important for drug 

treatments, where such data is often used to justify research progression to in vivo 

animal models.  
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9.0 Conclusion 

Malignant mesothelioma is a rare and often fatal cancer, exhibiting insidious 

and non-specific symptoms that display a rapid on-set. The survival times of patients 

in incredibly short, commonly in the range of only months, and is a consequence of 

the limited and only marginally effective treatment options that are available. The 

impact of this cancer on sufferers therefore warrants the need for more effective, and 

better-targeted therapies. Since little is known about the specific pathways and 

molecules that are implicated in mesothelioma, research is trending towards 

investigating potential molecular candidates that represent the target of molecular 

therapies. This thesis undertook one of those challenges, by examining a previously 

identified protein as a novel therapeutic drug target. 

Identified as one of several gene sequences that showed reductions in cell 

viability following gene-silencing in a malignant mesothelioma cell line, TLR4 

became the focus of this research. Examination of the role of TR4 was undertaken in 

an attempt to identify the extent to which it played a role in malignant mesothelioma 

cell survival and proliferation. Several avenues of research were explored, including 

gene silencing using siRNAs, and molecular inhibition using drugs targeting TLR4, 

and JNK, NF-!B and IRF3 pathways. 

The outcomes of this project indicate that TLR4 may exhibit a small clinically 

relevant, and functional role in maintaining the viability of malignant mesothelioma 

cells. The TLR4 inhibitor, TAK-242, showed marginal reductions in cell viability in 

malignant NCI-H28 cells compared to non-malignant MeT-5A cells when 

administered at concentrations of 50"M. However, while reductions were specific to 

this malignant cell line, the concentration of TAK-242 was considered excessive, 

indicating that further research is required to verify the feasibility of TLR4 as a 
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potential drug target. Increases in TLR4 protein expression was observed in all 

malignant cell lines compared to the non-malignant cell line in initial experiments. 

This further demonstrated preliminary evidence that TLR4 may be up-regulated, and 

therefore involved in malignant mesothelioma tumourogenesis, proliferation and 

viability. 

 While various aspects of drug treatment and mesothelioma biology was 

investigated, additional research is still required. Focus needs to be placed on 

researching and identifying other potential therapeutic targets in mesothelioma in 

additional to TLR4, exploring the involvement of other molecules, and increasing the 

understanding of mesothelioma biology. Investigating and understanding these 

elements of malignant mesothelioma may provide the knowledge required to develop 

new and effective therapies. In doing so, treatment may be tailored specifically to this 

cancer to increase both the life expectancy, and the well-being of mesothelioma 

patients. 
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Appendices 

Appendix A: Two-Way ANOVA 

Table Analyzed Data 1 

          Two-way ANOVA Ordinary 

    Alpha 0.05 

          Source of Variation % of total variation P value P value summary Significant? 

 Interaction 32.42 <0.0001 ****  Yes 

 Row Factor 9.584 <0.0001 ****  Yes 

 Column Factor 55.7 <0.0001 ****  Yes 

       ANOVA table SS DF MS F (DFn, DFd) P value 

Interaction 0.2289 4 0.05723 F (4, 18) = 63.66 P<0.0001 

Row Factor 0.06766 2 0.03383 F (2, 18) = 37.63 P<0.0001 

Column Factor 0.3932 2 0.1966 F (2, 18) = 218.7 P<0.0001 

Residual 0.01618 18 0.0008989 

   

 

Number of families 3 

    Number of comparisons per family 3 

    Alpha 0.05 

          Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant? Summary Adjusted P Value 

      NCI-H28 

     TAK-242 vs. BX-795 0.4953 0.4329 to 0.5578 Yes ****  <0.0001 

TAK-242 vs. TAK-242 + BX-795 0.54 0.4775 to 0.6025 Yes ****  <0.0001 

BX-795 vs. TAK-242 + BX-795 0.04467 -0.01781 to 0.1071 No ns 0.1900 

      IST-Mes2 

     TAK-242 vs. BX-795 0.1447 0.08219 to 0.2071 Yes ****  <0.0001 

TAK-242 vs. TAK-242 + BX-795 0.2093 0.1469 to 0.2718 Yes ****  <0.0001 

BX-795 vs. TAK-242 + BX-795 0.06467 0.002189 to 0.1271 Yes *  0.0418 

      MM-Miller  

     TAK-242 vs. BX-795 0.02133 -0.04114 to 0.08381 No ns 0.6646 

TAK-242 vs. TAK-242 + BX-795 0.093 0.03052 to 0.1555 Yes **  0.0036 

BX-795 vs. TAK-242 + BX-795 0.07167 0.009189 to 0.1341 Yes *  0.0233 

            Test details Mean 1 Mean 2 Mean Diff. SE of diff. N1 
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NCI-H28 

     TAK-242 vs. BX-795 0.7263 0.231 0.4953 0.02448 3 

TAK-242 vs. TAK-242 + BX-795 0.7263 0.1863 0.54 0.02448 3 

BX-795 vs. TAK-242 + BX-795 0.231 0.1863 0.04467 0.02448 3 

      IST-Mes2 

     TAK-242 vs. BX-795 0.3787 0.234 0.1447 0.02448 3 

TAK-242 vs. TAK-242 + BX-795 0.3787 0.1693 0.2093 0.02448 3 

BX-795 vs. TAK-242 + BX-795 0.234 0.1693 0.06467 0.02448 3 

      MM-Miller  

     TAK-242 vs. BX-795 0.3397 0.3183 0.02133 0.02448 3 

TAK-242 vs. TAK-242 + BX-795 0.3397 0.2467 0.093 0.02448 3 

BX-795 vs. TAK-242 + BX-795 0.3183 0.2467 0.07167 0.02448 3 

 

 

Appendix B: T-Test 

 

Table Analyzed Data 1 

  Column B NCI-H28 (50“M TAK-242) 

vs. vs. 

Column A MeT-5A (50“M TAK-242) 

  Paired t test 

 P value 0.0059 

P value summary **  

Significantly different (P < 0.05)? Yes 

One- or two-tailed P value? Two-tailed 

t, df t=12.99 df=2 

Number of pairs 3 

  How big is the difference? 

 Mean of differences -15 

SD of differences 2 
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SEM of differences 1.155 

95% confidence interval -19.97 to -10.03 

R squared (partial eta squared) 0.9883 

  How effective was the pairing? 

 Correlation coefficient (r) 0.9078 

P value (one tailed) 0.1377 

P value summary ns 

Was the pairing significantly effective? No 
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