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Abstract 

 

Mesothelioma develops on a background of chronic inflammation, promoting a cytokine rich 

environment which can alter the profile and function of the immune system. Immunomodulatory 

treatments have transformed prognosis of many cancers, while mesothelioma outcomes remain 

poor. Understanding the immunobiology of mesothelioma may unlock resistance and drive 

progress. 

The immune microenvironment of mesothelioma and NSCLC were examined to determine 

whether T cell immunity could be impaired through myeloid induced T cell tolerance and direct 

tumour and T cell interactions. Evaluation of peripheral blood and tumour specimens revealed 

abnormal blood profiles, with high percentages of CD15 and CD14 positive cells and reduced T 

cell percentages. Mesothelioma tumour cells allowed assessment of the cytokine profile, 

demonstrating that GM-CSF induced production of reactive oxygen species by granulocytes, 

leading to T cell inactivation.  T cell and dendritic cell dysfunction were also directly induced by 

mesothelioma, driven by induction of STAT3, as demonstrated by partial rescue with AZD9150.  

Sequential peripheral blood profiles were assessed in MATRIX and PEPS2 clinical trials of check-

point inhibition in NSCLC. A high neutrophil-to-lymphocyte ratio was significantly predictive of 

poorer outcome, specifically following the first cycle of treatment. These findings support the 

theory that immune competence is required for optimal response to immunomodulatory 

treatments. 
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Chapter 1: Introduction 

 

1.1 Mesothelioma 

1.1.1 The Incidence and Epidemiology of Mesothelioma 

Malignant mesothelioma is an aggressive tumour which primarily affects the pleura and 

peritoneum (1). It was first identified as an asbestos related disease in the late 1950's 

following epidemiological observations in South Africa, with cases almost exclusively seen in 

men and women exposed to environmental asbestos and working in the asbestos industry 

(2). It has since been shown throughout industrialised countries that overall consumption 

levels of asbestos are highly correlated to increased incidence of mesothelioma (3). Patterns 

of mesothelioma incidence further localise to areas of naturally occurring asbestos and areas 

with high industrial use (4,5). The incidence of mesothelioma climbed markedly following the 

1960's, owing to increases of the mining and production of asbestos related products in the 

preceding 25 years, peaking in the early 1970's (3). Asbestos uses included building products, 

cement, pipes, insulation, roofing materials and tiles; with the UK seeing a particular use of 

asbestos in the ship building industries. Mortality rates in the UK saw a greater than ten-fold 

increase between 1968 and 2001, and trends in the ages of those affected began to change, 

with increased numbers reported before the age of 60 (5,6). Following epidemiological 

studies, mesothelioma incidence has been shown to be highest amongst males. However, risk 

is also increased in female contacts of male asbestos workers (7) and occurs in equal 

prevalence where early environmental exposure has occurred (8). These findings support the 
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fact that increased male incidence is caused through increased exposure within male 

dominated professions, rather than a genetic predilection for this disease.  

Following acceptance of asbestos as a class I carcinogen, its use was banned within the UK in 

1985. However, due to the significant latency period between exposure and the development 

of mesothelioma, a predicted peak incidence of mesothelioma in the UK is due between 2015 

and 2020 (6,9). In many Western countries asbestos use is now strictly prohibited and 

regulated, however worldwide, it continues to be used as a low cost construction material 

and resistance to regulation has been seen in countries with high levels of production (10,11). 

Worldwide incidence is predicted to continue to rise in correlation with the use per capita of 

asbestos following extrapolation from data within developed countries although accurate 

information on recorded cases in developing countries is limited (12). With 2 million tons of 

recorded asbestos production worldwide in the year 2000, a significant worldwide health 

burden is predicted (3,10). 

Although asbestos is by far the biggest driver of mesothelioma, cases have also been 

associated with environmental erionite exposure (13), ionising radiation (14) and simian virus 

40 (SV40) (15). Erionite is a naturally occurring fibrous mineral which, when inhaled, can lead 

to respiratory diseases similar to those induced by asbestos. Cases were originally identified 

relating to environmental exposure in Turkey (16), leading to classification as a group 1 

carcinogen; however, erionite has since been identified widely in western USA (17,18).  

Concerns have been raised regarding possible environmental and occupational exposure, yet 

no legal regulations regarding its use are in place (17).  

Links with ionising radiation were identified when increased incidence was observed in 

populations treated for testicular cancer and Hodgkin's Lymphoma (9,14,16,19) and, more 
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controversially, the association with SV40  and mesothelioma, was proposed following the 

contamination of a large number of polio vaccines with live SV40 within the 1950's and 1960's 

(20). SV40 has been demonstrated to have oncogenic potential, with a link to the 

development of mesothelioma proposed following detection of SV40 DNA sequences within 

mesothelioma specimens (15,21).  This causal relationship has however, never been proven 

and there remains considerable doubt regarding the true risk of SV40 contamination (22).  

Approximately 2700 cases of mesothelioma were diagnosed within the UK 2015, accounting 

for less than 1% of cancer diagnoses within the UK overall. Incidence is significantly higher in 

males, accounting for 85% of the diagnoses. Over the last 20 years there has been a large 

increase in combined age standardised incidence, although this has begun to slow since 2005. 

Within the last 10 years, incidence in women within the UK has been climbing at a higher rate 

than males, seeing a 16% increase, whereas in males it has remained largely stable (23), Figure 

1.1. The highest increases in incidence have been seen in the most elderly populations, with 

those over 80 years seeing incidence per 100,000 increase from 17% to 26%, compared to a 

falling incidence in those under 60, reflecting the changing patterns of exposure. Once 

diagnosed, mesothelioma is almost universally fatal, with average survival between 9 and 12 

months (24) and 5 year survival rates of only 5%. These survival outcomes are among the 

poorest outcomes for all cancer sites, second only to pancreatic carcinoma (25). Mortality 

rates have therefore risen steadily in line with increases in incidence, with dramatic increases 

from 0.4 per 100,000 to 4.4 per 100,000 seen since the 1970’s (Figure 1.2).  
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Figure 1. 1. Mesothelioma Age-Standardised Incidence Rates within the UK between 1993-2015.  

Adapted from Cancer Research UK (20). 

 

 

Figure 1. 2. Mesothelioma Age-Standardised Mortality Rates within the UK between 1971-2015.  

Adapted from Cancer Research UK (23). 
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1.1.2 The Normal Mesothelium  

The mesothelium consists of a single layer of mesothelial cells lying above a basement 

membrane, with connective tissue layers which form a protective layer covering the pleura, 

pericardium and peritoneum. Within the pleural cavity the mesothelial layer comprises either 

the parietal pleura, which covers the thoracic wall, mediastinum, heart and diaphragm; or the 

visceral pleura, which covers the lungs (26). Mesothelial cells originate from the mesoderm 

however, they have a mixed phenotype once developed, expressing both mesenchymal 

filaments vimentin and desmin, as well as cytokeratins classically seen on epithelial tissues 

(27). The pleural mesothelium has a variety of functions; it creates a lubricated surface to 

allow movement of organs with reduced friction, provides a barrier to infective agents, in 

addition to a system of transport for fluid and cells both in and out of the pleural cavity (28). 

There is also a prominent role for mesothelial cells in the inflammatory response following 

infection and inflammation, with the production of a wide range of inflammatory mediators 

which induce the migration of monocytes, neutrophils and macrophages into the pleural 

space (29). T cell responses can also be regulated through mesothelial activation, with up 

regulation of HLA-DR and ICAM1 (CD54) seen following infection, and induction of a robust 

CD4 T cell response (30).  

In a normal environment mesothelial cells proliferate minimally however, following 

stimulation by inflammatory factors produced following mesothelial injury, a rapid increase 

in proliferation occurs (31,32). The behaviour of mesothelial cells during wound healing sets 

them apart from normal epithelium. In contrast to epithelial cells, which proliferate from the 

wound edges only, mesothelial cells distant from the wound are able to proliferate, detach 

from their original site and repopulate the wound site (33). In addition, mesothelial cells are 



Chapter 1 Introduction 

6 

 

able to alter their phenotype from epithelial to mesenchymal following stimulation through 

injury or by certain growth factors. In studies of the behaviour of mesothelial cells during 

peritoneal dialysis, up regulation of the repressive transcription factor, snail, is driven by TGF-

β and interleukin-1β (IL-1β). The activity of snail down regulates cytokeratins and E-cadherin 

and the resultant fibroblast-like cells lose their contact inhibition and adopt a higher 

migratory capacity (34). This epithelial to mesenchymal transition, often described in 

malignant processes, therefore provides a platform for pathogenic processes.  
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Figure 1. 3. Epithelial to mesenchymal transition (EMT).  

Adapted from Aroeira et al (35). Mesothelial cells have been demonstrated to show EMT properties 
during healing processes. IL-1β and TGF-β were shown to activate the snail transcription factor in 
epithelial-like cells and trigger gradual loss of adhesion molecules and epithelial markers, leading to 
the development of mesenchymal-like cells. This process is often described in the development of 
malignant cells and the path to metastatic disease. 

 

1.1.3 Non-Malignant Asbestos Related Disease 

The role and behaviour of the mesothelium in initiation of inflammatory responses provides 

the inflammatory basis for the pathogenesis of asbestos-associated disease. Following 

exposure to asbestos, inhaled fibres are deposited within the lungs, triggering inflammatory 

responses. Once present, fibres are capable of persistence for decades and have been 

detected within pathological specimens of the lungs, pleura and lymph nodes years after 

presumed exposure (36). The toxicity of asbestos fibres is not universal, with some subtypes 

more widely associated with the origin of disease. The most commonly used type of asbestos, 

chrysotile, forms part of the serpentine group based on its curled fibre shape, with amosite 

and crocidolite making up the most commonly used fibres of the amphibole group. 
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Historically, amphibole asbestos was believed to be the most damaging to health, due to its 

shorter, needle shaped fibres however, clear evidence demonstrates that chrysotile is also a 

significant carcinogen (37,38). Chrysotile fibres were also the most commonly detected form 

of asbestos within mesothelioma specimens in a study by Suzuki et al, highlighting its 

carcinogenic properties (39).  

Pleural disease is currently the most frequently diagnosed asbestos-related disease, affecting 

between 20 and 40% of exposed individuals after a latency period of 20-30 years (40). Pleural 

plaques are the predominant feature, formed through the deposition of collagen along the 

pleural surface and can be associated with fibrosis when involvement of the visceral pleural 

occurs. These plaques show little evidence of inflammation and may have central calcification. 

There is no evidence to suggest that malignant transformation occurs within pleural plaques 

however, they are associated with increased risk of developing mesothelioma, due to the 

association with asbestos exposure (41). The second most frequent asbestos associated 

disease is asbestosis, defined as the interstitial pneumonitis and fibrosis caused by inhalation 

of asbestos fibres. Pathological diagnosis is by the observation of acinar changes and the 

presence of asbestos bodies and it is further classified by severity in to 4 sub-groups, with the 

most severe showing alveolar collapse, with fibrous and honeycomb remodelling of the lung 

(42).  Differentiating asbestosis from other forms of diffuse pulmonary fibrosis can be difficult, 

therefore history of exposure to asbestos is critical in forming the diagnosis. As with pleural 

plaques, there is a significant latency period of 15-20 years however, the cumulative extent 

of exposure appears to be a more prominent risk factor (40). The presence of asbestos bodies 

or asbestos fibres aids diagnosis in those cases where histological sampling is viable although 

this invasive test is not routine practice (43). 
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1.1.4 The Pathogenesis of Mesothelioma 

The presence of asbestos fibres within the lung and pleura rapidly stimulates an inflammatory 

reaction, with the accumulation of alveolar macrophages and neutrophils attempting to clear 

the foreign fibres. Upon exposure to asbestos, alveolar macrophages have been shown to 

produce a number of cytokines including TGF-β, which aids inflammatory cell recruitment and 

collagen and fibronectin deposition, along with the production of further pro-inflammatory 

cytokines IL-1β and TNF- α (44). The inflammatory environment induced by asbestos fibres 

also promotes free radical release, which is believed to be one of the major determinants of 

asbestos induced lung and mesothelial injury (45).  Oxygen radicals can be released from 

alveolar macrophages and neutrophils, as well as through direct reactions with asbestos 

minerals. Release from inflammatory cells occurs during the respiratory burst triggered by 

phagocytosis, and is enhanced through failure to engulf larger asbestos particles, described 

as frustrated phagocytosis (46,47). Free radical release from asbestos itself, results from the 

interaction of hydrogen peroxide (H2O2) with iron cations within its crystalline structure. This 

leads to production of the reactive hydroxyl radical in a process is known as the Fenton 

Reaction (48). In addition to oxygen radicals, reactive nitrogen species are also believed to 

have a role in asbestos related inflammation. Nitric oxide, a required cellular signalling 

molecule, is produced by the inducible nitric oxide synthase (iNOS) catalysed reaction of L-

arginine to L-citrulline. Its presence in combination with oxygen radicals can result in the 

formation of peroxynitrite (ONOO−), a potent oxidant capable of cellular damage. Asbestos 

has been shown to induce the production of nitric oxide and expression of iNOS in both 

macrophages and mesothelial cells, particularly in the presence of additional inflammatory 

cytokines such as IL-1β (49,50).  The formation of reactive nitrogen and oxygen species can 
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subsequently lead to a number of damaging cellular processes including nitration of tyrosine 

residues, resulting in signalling modifications (51), induction of cell damage through lipid 

peroxidation, as well as direct DNA damage by hydroxylation of DNA bases (48). Nitric oxide 

and reactive oxygen are also capable of activation of the proto-oncogenes c-fos and c-jun, 

required for cell cycle progression, along with activation of the transcription factor activator 

protein 1 (AP-1). Interestingly, asbestos fibres themselves are capable of inducing prolonged 

phosphorylation of mitogen activated protein (MAP) kinases and extracellular signal-

regulated kinases (ERK) 1 and 2 via the epidermal growth factor receptor (EGFR), which also 

lead to nuclear translocation and drive activation of c-fos and c-jun  (52).  These asbestos 

driven processes again lead to the transactivation of AP-1, which drives proliferation and 

apoptosis and subsequently the malignant transformation of mesothelial cells (53). 

 Asbestos fibres are also implicated in the production of chromosomal abnormalities which 

are a commonly observed feature in mesothelioma (54,55). Fibres are shown to cause direct 

physical interference within cell mitosis, causing spindle deformation and chromosomal 

breaks (56). Cytokinesis failure also occurs as a direct result of asbestos exposure, resulting in 

the production of bi-nucleated cells and subsequent aneuploidy in daughter cells (57).  

Specific chromosomal aberrations in mesothelioma have been detected, with recurrent 

findings involving chromosomes 1, 3, 7, 9 and 22 (54,58,59). Additional chromosomal defects 

are seen in chromosome 19 in a number of asbestos associated lung cancers (60). Within 

mesothelioma, one of the most commonly observed chromosomal abnormalities is 

monosomy of chromosome 22 (59). This prompted further investigation into possible 

involvement of the known tumour suppressor gene, neurofibromatosis 2 (NF2), which is 

located on chromosome 22q. The function of NF2 as tumour suppressor gene and acquisition 
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of its name, was discovered due to its association with neurofibromatosis, a disease 

characterised by tumours involving the brain and nervous system. However, mutated forms 

of this gene have since been detected in melanoma, breast cancer and colon cancer (61). The 

NF2 gene was found to be mutated in approximately 40% of mesothelioma tumours and 40-

53% of tested mesothelioma cell lines (61,62). In-frame deletions or premature stop codons 

were most commonly identified abnormalities, leading to the loss or truncation of the NF2 

protein (62). Other frequently recognised genetic drivers in mesothelioma include BRCA1 

associated protein 1 (BAP1) and cyclin dependent kinase inhibitor 2A (CDKN2A) (63) however, 

a greater number of recurrent mutations have also recently been identified through 

sequencing of over 200 mesothelioma tumours (64). CDKN2A is the most common mutation 

observed in mesothelioma and encodes two cell cycle regulatory proteins, p16 and p14ARF 

which form pathways involved in the regulation of retinoblastoma (RB) protein, a prominent 

oncogene, and the tumour suppressor gene p53 (65). Mutations in CDKN2A are seen in 74% 

of mesothelioma cases, commonly in conjunction with methylthioadenosine phosphorylase 

(MTAP) mutations, rendering them dependent on de novo synthesis of purine derivatives for 

the generation of adenosine monophosphate (AMP) (66). BAP1 inactivation has been 

identified in approximately 23% of tumours and is the most recent significant genetic driver 

to be identified in 2011 (67). The role of BAP1 as a tumour suppressor gene has since been 

further defined as a crucial component in the DNA double strand break repair process. BAP1 

functions as a de-ubiquitinase, with its phosphorylation in the presence of DNA damage 

leading to the appropriate recruitment and function of homologous recombination proteins 

BRCA1 and RAD51 (68).  The recent work by Raphael Bueno et al looking at 206 mesothelioma 

tumours highlighted a number of additional significantly mutated genes in mesothelioma. 

This was in addition to identifying inactivating gene fusions and splice alterations in the pre-
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determined genetic drivers BAP1 and NF2. Interestingly, this study demonstrated that despite 

the presence of a number of genetic abnormalities, mesothelioma has few mutations which 

lead to direct alterations of protein structures, above only acute myeloid leukaemia and 

thyroid carcinoma. The genetic alterations observed allowed classification into 4 distinct 

groups, which closely matched the current classification of epithelioid, sarcomatoid and 

biphasic subtypes.  Although previously identified in mesothelioma, this study also provided 

further insight into tumour protein 53 (TP53) mutations, with detection in 8% of tumours, 

exclusively within sarcomatoid and biphasic subtypes. In accordance with this, TP53 conferred 

poorer prognosis (64). Further analysis and data collection on mutational rates of other 

detected genes within this study may provide further insights into the genetic basis of 

mesothelioma.  

1.1.5 The Inflammatory Basis of Asbestos Related Pleural Injury 

Along with the production of reactive oxygen species by inflammatory mediators, cytokine 

release also has a significant role in the pathogenesis of asbestos induced lung injury and 

malignant transformation. Asbestos is known to have direct cytotoxic effects against 

mesothelial cells, with the necrotic response leading to release of damage associated 

molecular patterns (DAMP), particularly the high mobility group box protein 1 (HMGB1). 

Release of this DAMP leads to macrophage activation (69) and the combined macrophage 

stimulation by HMGB1 and exposure to asbestos fibres leads to the release of the pro-

inflammatory cytokines TNF-α and IL-1β. This process is also augmented by the presence of 

free radicals (70,71). The origins of IL-1β production are due to activation of the NALP3 

inflammasome, a multi-protein complex which can be activated by exposure to various 

pathogens and toxins. The main activator of the NALP3 inflammasome in this setting has been 
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shown to be macrophage derived ROS, following frustrated phagocytosis (72).  The release of 

chemotactic factors such as TGF-β, PDGF and EGF are also important in the initial 

inflammatory response, attracting further inflammatory cells and recruiting fibroblasts, which 

precipitate the initiation of fibrotic changes within the lung and pleura (73-75). Specific to the 

effect of asbestos within the pleura, an in vitro study by Acencio et al demonstrated that 

exposure was also able to drive the production of IL-1β, IL-6 and macrophage inflammatory 

protein 2 (MIP-2) from pleural mesothelial cells. The combination of asbestos exposure and 

cytokine production induced necrosis and cell death, with IL-1β and IL-6 having the most 

significant effect (76).  This toxic effect of asbestos is clearly of significant interest, as if cell 

death is occurring following asbestos exposure, this precludes malignant transformation. This 

question was addressed by Yang et al, who demonstrated the interplay between mesothelial 

cells and their microenvironment, showing that macrophage derived TNF-α provides human 

mesothelial cells with survival signals via NF-κB activation (77), again emphasising the 

important cross-talk occurring between mesothelial cells and their microenvironment. The 

inflammatory environment created plays a significant role in malignant transformation and 

tumour development, with Adachi et al showing evidence that IL-6 is a strong driver of 

mesothelioma cell growth, and further driver of continued IL-6 production. In addition, IL-6 

was a direct promoter of VEGF production (78). Although VEGF has not consistently been 

shown to have a direct effect on mesothelial cell growth, it is likely that the production 

enhances tumour development through induction of angiogenesis (79). Additional factors 

supporting tumour development, also induced by inflammatory cytokines TGF-β and PDGF, 

include matrix metalloproteinase (MMP) 2 and membrane type 1 (MT-1) MMP. Through 

activation of the p38 MAP-kinase, the expression of MMP-2 and MT-1 MMP aid in the 

degradation of the extra-cellular matrix and facilitate migration and invasion of mesothelioma 
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cells (74). Finally, along with the induction of numerous cytokines, the inducible enzyme cyclo-

oxygenase 2 (COX-2) is also implicated in the pathogenesis of mesothelioma. This enzyme is 

of interest in a malignant setting due to its ability to stimulate cell proliferation and produce 

a forward feedback loop via the epidermal growth factor receptor (EGFR), inducing 

prostaglandin E2 production and further stimulating COX2 activity (80). COX-2 over 

production has been documented in multiple studies of mesothelioma, with its production 

stimulated by the cytokine milieu induced by asbestos (81,82). Highlighting the importance 

of factors such as VEGF and COX-2 in the development and progression of mesothelioma is 

also their association with prognosis. Tumoural production of COX-2, detected by 

immunohistochemical staining, was associated with independent prognostic value in two 

studies of over 30 mesothelioma specimens and importantly retained its prognostic value 

when added to the currently accepted prognostic scoring systems of the CALGB and EORTC 

(82,83). Similarly, both tumoural and serum detection of VEGF has been associated with 

survival, with tumours showing increased VEGF production in response to tissue necrosis. In 

addition, an incremental VEGF increase in serum was associated with asbestos exposure, 

early and late stage mesothelioma (84,85). 

 

1.1.6 STAT3 Signalling in Mesothelioma 

STAT3 activation has also been shown to be up regulated within mesothelioma tumour 

specimens (86) and to have a pivotal role in the regulation of pathways including IL-6 driven 

VEGF production (78). In a study of 44 mesothelioma specimens STAT3 cytoplasmic 

expression was detected in 79.5% of specimens, with 61.4% showing detectable 

phosphorylated STAT3. The highest levels of expression were detected in biphasic subtypes 
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and in addition, a trend towards greater expression in more advanced disease was detected 

within tissue of NSCLC obtained within the study (86). As described above, IL-6 has been 

shown to have a significant role in the pathogenesis of mesothelioma and the role of STAT3 

in IL-6 signalling is now widely accepted. Adachi and colleagues demonstrated a significant 

role of IL-6 in tumour proliferation, in addition to the activation of VEGF transcription. 

Through the introduction of a dominant negative STAT3 phenotype they demonstrated that 

IL-6 signalling via STAT3 was responsible for both VEGF production and enhanced cell 

proliferation. Interestingly, VEGF production was not found to be significantly involved in cell 

proliferation in this setting however, its availability within the tumour environment is highly 

likely to support tumour growth through angiogenesis. This pathway of IL-6/JAK/STAT 

activated growth in mesothelioma was further supported by the use of the suppressor of 

cytokine signalling 3 protein (SOCS3). SOCS proteins, demonstrated to be negative activators 

of STAT signalling, are capable of suppressing the pathway through both blockade of the 

cytokine receptor and binding of Janus kinase (JAK) proteins to inhibit their function (87). 

STAT3 signal blockade through the use of an adenovirus vector expressing high levels of 

SOCS3, led to a reduction in mesothelioma cell proliferation and, within a mouse xenograft 

model, mesothelioma tumour progression was inhibited (88).  Not only defined by its effects 

on growth in mesothelioma, STAT3 has also been implicated in the development of a 

senescence associated phenotype (SASP) and the development of resistant clones. SASP has 

been described in a number of malignant phenotypes and defines a senescent stress response 

associated with the production of inflammatory cytokines and mitogenic factors, which aid in 

malignant transformation, particularly related to epithelial to mesenchymal transition (86). 

Canino et al demonstrated that the SASP phenotype can be triggered in mesothelioma 

following treatment with the chemotherapeutic agent pemetrexed, the most commonly used 
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drug in this cancer type. Mesothelioma cells were shown to enhance production of a number 

of pro-inflammatory cytokines including IL6, IL8, VEGF-A, IFN-γ and CXCL1, in addition to 

developing a mesenchymal phenotype. These subpopulations also showed intense resistance 

to treatment with pemetrexed.  Phosphorylation of STAT3 was significantly enhanced within 

these SASP populations and its prominent role in their development was confirmed through 

STAT3 silencing. This both inhibited the development of the SASP phenotype and enhanced 

sensitivity to chemotherapy treatment (89). These findings demonstrate a prominent role for 

STAT3 in signalling pathways leading to the growth, transformation and resistance of 

mesothelioma.  

 

1.1.7 Clinical Presentation, Diagnosis and Management of Mesothelioma 

Presentation 

Despite advances in management and survival rates of many other malignancies, 

mesothelioma has remained largely treatment-resistant and outcomes have remained poor, 

with an average survival of 12 months from diagnosis (90,91). This is compounded by the 

invariably late presentation of many patients due to the insidious nature of early symptom 

progression. The primary presenting complaint is chest wall pain, occurring in approximately 

60% of patients. Upon investigation, many of these patients will have a co-existing pleural 

effusion, the most common clinical sign, therefore the combination of chest wall pain and 

pleural effusion should always prompt investigation for mesothelioma. Accompanying 

symptoms may include breathlessness, secondary to the presence of a pleural effusion, 

malaise and weight loss. Such constitutional symptoms however are often a sign of late stage 

disease. Following tumour invasion, involvement of lymph nodes may occur, leading to 
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clinically palpable disease. In addition, spread within the thoracic cavity can lead to superior 

vena cava obstruction, cardiac tamponade and spinal cord compression (92). A rare 

presentation of malignant pleural mesothelioma is also miliary disease, with metastases 

spread diffusely within the lungs (93,94). Interestingly, a recent report by Purek et al 

described 2 cases of late miliary recurrence following initial treatment of mesothelioma, 

possibly indicating an alteration of the natural progression of this disease induced by systemic 

therapy (95). Other forms of mesothelioma may occur in the peritoneum, the pericardium 

and tunica vaginalis of the testes.  Peritoneal mesothelioma accounts for approximately 20-

30% of mesothelioma cases diagnosed annually (96) and symptoms are classically abdominal 

distension secondary to ascites and abdominal pain (92). Pericardial and tunica vaginalis 

mesothelioma are much rarer forms, presenting with constrictive pericarditis, pericardial 

effusion or cardiac tamponade (97,98); or a painless scrotal mass or hydrocele (99), 

respectively.  For the purpose of this thesis, I will focus only on the diagnosis and management 

of pleural mesothelioma.  

Diagnosis and management 

Diagnosis of mesothelioma occurs through a combination of CT imaging and sampling of 

pleural fluid or tissue for cytological assessment. Often pleural biopsy is required to confirm 

the histological diagnosis as fluid cytology may be negative in malignant disease (100). Even 

with a good tissue biopsy, diagnosis can still be difficult due to similarities with other cancers 

such as poorly differentiated adenocarcinoma and sarcoma. It is therefore important that a 

strict panel of immunohistochemical markers are used to confirm the diagnosis. These 

typically include epithelial membrane antigen (EMA), calretinin, Wilms’ tumour 1 (WT-1), 

Hector Battifora mesothelial-1 (HBME-1), mesothelin and cytokeratin 5 and 6. Markers used 
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to exclude adenocarcinoma should also be used, including TTF-1, CD15 and CEA, which are 

almost always negative in mesothelioma (101). Following diagnosis, staging is carried out in 

cases of mesothelioma which may undergo surgical resection however, it has limited impact 

on systemic treatment. The initial staging system was derived from the tumour, lymph node, 

metastases (TNM) lung cancer staging system in use in the early 1990’s (102), however this 

has undergone revision and updates as part of the American Joint Committee on Cancer 

(AJCC) staging manual as mesothelioma management has progressed (103). TNM staging 

allows separation into 4 pathological stages of which stage I-III are all amenable to surgical 

resection if the patient is physically fit enough and the surgical procedure can be offered. To 

determine resectability standard CT of the thorax and abdomen and PET-CT can be used 

initially, although disease is often under-staged using imaging techniques (104) and 

confirmation requires surgical exploration. Those patients with stage IV disease, or those who 

are not candidates for surgical resection due to fitness or comorbid disease should be offered 

chemotherapy.  

Despite recommendations for surgical resection in current clinical guidelines for all patients 

with stage I-III disease, there is considerable controversy as to whether surgery in 

mesothelioma significantly improves survival outcomes. It is still suggested that by the correct 

identification of suitable surgical candidates and adequately experienced specialist surgical 

team, survival may be enhanced through surgery (105).  However, present trial evidence has 

conversely demonstrated that some forms of surgery do not provide a significant survival 

benefit over more conservative treatments (106), or that outcomes in comparable patients 

are similar when receiving surgery or multimodal therapy versus chemotherapy alone (107). 

It is accepted that surgery for mesothelioma will not achieve complete removal of all cancer 
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cells (R0 resection), and a macroscopic complete resection is therefore the intended goal for 

surgery (108). Achieving a near R0 resection is much more likely if patients undergo a more 

extensive extra-pleural pneumonectomy, which removes the entirety of the involved pleura, 

lung, diaphragm and pericardium. However, complications following this procedure are 

unacceptably high, with mortality and morbidity of almost 7% and 62%, respectively (109). A 

preferred management option is extended pleurectomy and decortication (P/D) or the less 

aggressive P/D, which removes only the involved pleural and macroscopic tumour, along with 

any involved diaphragm and pericardium if the extended P/D is performed (109).  To date 

there is no firm conclusion as to whether overall, surgery provides better survival outcomes 

than chemotherapy, or which surgical procedure should be preferred. A feasibility study to 

assess whether it was acceptable to assign patients to surgery or no surgery has been 

previously carried out. Recruitment to this trial was very slow, with only 50 participants in 3 

years. Surgical outcomes within the 24 patients allocated to P/D in this study were poor, with 

survival of 14.4 months versus 19.5 months in the non-surgical arm, therefore initial 

conclusions stated that surgical intervention may be harmful to patients (110). A revised 

version of this study has recently been carried out (ClinicalTrials.gov Identifier: NCT02040272) 

and results are awaited. Whether conclusions can be drawn from this study regarding the 

benefits of surgery will again be controversial however, as survival remains a secondary 

endpoint due to the low number of patients expected in this trial.  

Despite recommendations for surgery, many patients with mesothelioma do not receive 

surgical intervention due to disease stage or co-morbidities precluding surgery. 

Chemotherapy has therefore remained the mainstay of treatment in current practice. A 

standard of care was established in 2003 in a pivotal trial using the chemotherapy doublet of 
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cisplatin and pemetrexed. This combination led to an overall survival benefit of 3 months, 

with a response rate of 41% (111). Over the 15 years since this combination therapy was 

established as best practice, little progress has been made. Only one phase III study has 

successfully demonstrated survival benefit with the addition of bevacizumab (an angiogenesis 

inhibitor targeting VEGF) to standard treatment. This trial demonstrated a 2.7 month survival 

benefit with this three drug combination over standard chemotherapy, increasing average 

survival to 18.8 months (112).  Radiation therapy is generally not recommended for use in 

mesothelioma, except as part of multi-modal therapy following surgical resection. This is due 

to the usually large surface area affected by pleural mesothelioma and toxicity associated 

with thoracic radiation therapy (113).  

 

1.1.8 Developments in the Treatment of Mesothelioma 

Targeted therapies 

Excluding the use of the VEGF antibody Bevacizumab, targeted therapies have not shown 

benefit in the treatment of mesothelioma despite a number of clinical trials. Targets 

investigated have included the EGFR pathway, histone de-acetylase (HDAC) modification, NF-

κB pathway inhibition and the mammalian target of rapamycin (mTOR) pathway (114-117).  

EGFR over-expression is possibly one of the most frequent molecular changes seen in 

mesothelioma, detected in 75 to 97% of patients and is implicated in de-regulated cell 

signalling and tumour growth in many cancer types (118,119). Despite this frequent de-

regulation, trials targeting the EGFR with inhibitors gefitinib and erlotinib have not shown 

clinical benefit (114,120). Histone de-acetylases are also currently believed to impact 

mesothelioma development due to their role in epigenetic regulation of gene transcription. 
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Early trials of HDAC inhibition appeared promising, with some evidence of response (121), 

leading to the initiation of a phase III trial to assess the effectiveness of vorinostat as a second 

or third line therapy in mesothelioma. Despite the early suggestion of activity, no survival 

benefit was seen in this trial (115). Similarly, neither NF-κB inhibition with ranpirnase and 

bortezomib, nor mTOR inhibition with everolimus led to any meaningful treatment benefit 

(116,117,122). 

Immune modulation as a treatment for mesothelioma  

Areas of treatment development which may be showing some promise of benefit include the 

development of immune-targeted therapies, either alone or as a combined therapy targeting 

tumour surface molecules such as mesothelin or WT-1. Mesothelin has provided considerable 

interest over the past 2 decades due to its expression on mesothelioma tumour specimens 

and detection within the serum of up to 70% of patients with active mesothelioma (123). 

Mesothelin is a glycophosphatidylinositol (GPI)-linked cell-surface glycoprotein with an initial 

structure forming a 71kDa protein. This structure is subsequently cleaved to produce a 40kDa 

membrane bound protein and a 31kDa portion which is shed into the bloodstream, thus 

detectable in peripheral blood sampling (124). The role of mesothelin expression in 

mesothelioma and other cancers is unclear however, there is evidence that it is able to up-

regulate the production of matrix-metalloproteinases (MMP), which degrade the extra 

cellular matrix. This process therefore aids in the invasive potential of malignant cells (125). 

In ovarian cancer, membrane bound mesothelin has also been shown to bind to the cancer 

antigen CA-125 and promote cell adhesion, possibly contributing to peritoneal spread of 

malignancy in this setting (126). In addition to cellular migration, mesothelin has also been 

shown to act as an autocrine growth factor in the setting of pancreatic carcinoma through the 
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induction of IL-6 production and increased levels of the soluble IL-6 receptor (127). The 

mesothelin protein may therefore be used in treatment development as both a specific target 

for malignant cells and as a functional target, with disruption of malignant processes 

occurring through its removal or blockade. 

To date, a number of mesothelin targeted drugs have entered into clinical trials including the 

monoclonal antibodies amatuximab (128) and anetumab ravtansine (129) , the immunotoxins 

SS1P and LMB-100 (130) and the cancer vaccine CRS-207 (131). As the majority have only 

reached phase I trials, further data is required prior to assessment of their therapeutic 

potential however, early phase trials of SS1P in combination with chemotherapy have shown 

promise. This recombinant protein is fused to the Pseudomonas exotoxin A and has a single 

chain variable fragment with high affinity for mesothelin (132). Once bound, the toxin is 

internalised by the cell and induces apoptosis. Problems have arisen in early trials due to anti-

body formation neutralising the toxin, limiting the number of possible doses (133). Pre-

treatment with an immunosuppressive regime of pentostatin and cyclophosphamide 

dramatically reduced this occurrence (134). This pilot study led to major responses in 3 

previously chemotherapy refractory patients, with prolonged response duration of over 15 

months (134). Due to the immunogenicity of SS1P a new formulation of this immunotoxin, 

LMB-100, has been produced with removal of the majority of the B and T cell epitopes (135). 

This formulation should be much less likely to induce antibody formation and is currently 

under assessment in a phase I clinical trial (ClinicalTrials.gov identifier NCT02798536).  

Immune checkpoint blockade 

There is significant interest in the use of checkpoint blockade in mesothelioma although to 

date, no check-point inhibitors have been licensed for use in this cancer. The first trial of 
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checkpoint inhibition was with the CTLA-4 inhibitor tremelimumab. This was a phase II trial 

examining tremelimumab as a second line treatment following progressive disease after 

platinum chemotherapy. Only 2 of 29 patients had objective responses to treatment, 

although stable disease was achieved in 9 patients (31%) and median overall survival was 10.7 

months (136). Further trials have examined the use of PD-1 blockade, with more promising 

outcomes. The KEYNOTE-028 trial demonstrated that the PD-1 antibody pembrolizumab 

produced responses in 5 of 25 patients (20%) and a further 13 (52%) had stable disease, with 

an overall median survival of 18 months (137). Combination treatment with PD-1 and CTLA-4 

inhibition has also been assessed within the MAPS2 phase II trial, where the PD-1 antibody 

nivolumab was assessed alone and in combination with the CTLA-4 antibody ipilimumab. This 

trial recruited 125 patients with 1:1 randomisation to each arm. Response rates with 

nivolumab alone were slightly inferior to those seen with pembrolizumab, at 18.5% however, 

the combination arm reported a response rate of 27.8% (138). Consistent with these response 

rates, nivolumab alone led to an overall survival of 13.6 months, with the combination arm 

not reaching median OS after 15 months of follow up (139). Interestingly, within this study 

the PD-L1 positivity of tumours did not correspond to response rates or overall survival, 

indicating that the PD-L1 status of the tumour is not the primary factor contributing to the 

immune dysfunction in this setting. Further phase III trials are ongoing in mesothelioma 

examining the use of pembrolizumab in the second line setting (ClinicalTrials.gov Identifier: 

NCT02991482) and, in addition, CHECKMATE 743 is currently assessing the use of the 

combination treatment nivolumab and ipilimumab as a first line therapy in place of standard 

chemotherapy (ClinicalTrials.gov Identifier: NCT02899299). The use of immunotherapy drugs 

in the first line metastatic setting have revolutionised treatment outcomes in diseases such 
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as melanoma (140-142), lung cancer (143-145) and renal cell carcinoma (146), therefore this 

trial provides significant hope to mesothelioma patients.  

In addition to the use of checkpoint blockade there are a number of additional 

immunotherapy-based treatments being examined in mesothelioma, including dendritic cell 

(DC) vaccines and chimeric antigen receptor T cell therapies. The use of dendritic cell vaccines 

has been under investigation for many years, with the aim of antigen presenting cell (APC) 

activation of cytotoxic T cells leading to a targeted immune response against the tumour 

(147). Pre-clinical studies have demonstrated the feasibility of targeting mesothelioma with 

dendritic cell therapy with a promising human study leading to responses in 6 of 10 patients 

treated with mesothelioma pulsed DC (148). Attempts to improve the efficacy of DC based 

vaccines are being examined, including the use of cyclophosphamide to reduce the 

immunosuppressive effect which may be occurring through tumour infiltrating regulatory T 

cells (149). Following the promising results of pre-clinical studies, a further phase I/II study is 

currently on going examining the use of a WT-1 based DC vaccine, in combination with 

chemotherapy (ClinicalTrials.gov Identifier: NCT02649829).  

With this slow and limited progression of therapeutic options over the past decade and 

ongoing poor survival rates, there is clearly a true unmet need for research development in 

mesothelioma. The use of immunotherapy in this setting appears to be emerging as the most 

promising area of therapeutic benefit and as such, emphasises the need to understand the 

wider immune microenvironment of this cancer. 
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1.2 The Role of the Innate Immune System in the Control of Malignancy 

 

1.2.1 Dendritic Cells   

Dendritic cells are known to be the most potent antigen presenting cells within the innate 

immune system and are capable of presentation of a large number of antigens in order to 

engage T cell responses. In addition to presentation of microbial material, DC also present 

tumour antigens and are believed to be critical in defending the host from the development 

of cancer and conversely, critical in the development of tolerance. Dendritic cells exist in both 

immature and activated forms, performing different roles within each stage. In addition, their 

roles are also defined by their origin and subset. 

1.2.2 Dendritic Cell Subtypes 

Circulating dendritic cells are divided into 2 major subsets, conventional (myeloid) DC and 

plasmacytoid DC, defined by surface marker expression and functional profiles (150). These 

broad subdivisions have recently challenged by Villani et al, who identified further divisions 

in DC subsets through single cell RNA sequencing analysis (151).  

Conventional DC (cDC) are the major fraction of DCs in blood, tissue and lymphoid organs, 

and are further subdivided into two groups dependent on their expression of CD1c or CD141. 

Both express CD13 and CD33, defining their myeloid origin. cDC are distinct from pDC due to 

their ability stimulate naïve T cell responses and are capable of presentation through both 

MHC class I and class II molecules. cDC are also defined by their unique ability to present 

exogenous antigen via the MHC class I pathway, a process termed cross-presentation (Bevan, 

1976). Villani et al identified a further division within the CD1C+ population, demonstrating a 

population, termed CD1C+_A DC, with higher MHC class II expression, which were capable of 
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secreting higher levels of inflammatory mediators CCL19, IL-10, IL-12B, and IL-18 upon 

activation. The second subgroup, CD1C+_B DC demonstrated higher expression of chronic 

inflammatory genes CD14, S100A9 and S100A8 (151).  

Plasmacytoid DCs (pDC) classically express CD123, CD68 and CD303 and play a prominent role 

in the type 1 interferon response to virus (152). pDC have a lower capacity to prime naive T 

cells, although have been shown to produce CD4+ T cell activation within lymph nodes 

following antigen stimulation (153). Though no further subdivision in this population was 

identified by Villani and colleagues, a population with similar a gene expression profile to pDC 

was identified within their work. It was later determined that this population was distinct 

from pDC and termed AXL+SIGLEC6+ (AS) DC. This novel DC subset was shown to more closely 

resemble cDC in terms of morphology and in contrast to pDC expressed high levels of CD86 

and were capable of stimulation of both CD4+ and CD8+ T cell proliferation.  

 

Tissue resident DCs are again a distinct population of DC termed Langerhans Cells. They are 

located within the stratified squamous epithelium of the skin, bronchus and mucosal 

membranes. They display the surface markers CD1a, CD207, and Langerin. Upon activation 

they are capable of migration to lymphoid organs and produce potent cross presentation to 

T cells for a select range of pathogens (150). Also found within tissues, a variety of monocytic 

DCs have been characterised. These cells, which show CD14, MHC class II and CD11c positivity, 

lack the myeloid DC markers CD1, CD141 and co-stimulatory molecules (154). Monocytic DCs 

are distinct in their gene expression profiles to cDC (151) and lack the ability to stimulate naive 

T cells (155). Additional markers expressed, such as DC-SIGN (CD209) and the macrophage 
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markers FXIIIA and CD163, are suggestive of development in environments promoting 

immune tolerance (156).  

 

1.2.3 The Role of Dendritic Cells in cancer 

 

Dendritic cells play a major role in the function of the innate immune system and are deemed 

vital for the initiation of an appropriate host response to the presence of microbial pathogens 

and in addition, are believed to be crucial in early anti-tumour immunity. Although tumours 

provide predominantly “self” antigens, there is strong evidence that the abnormal stress and 

cell death occurring within tumours produces substances which act as activation signals to 

APC, such as DCs. This model, originally proposed by Matzinger in 1994, described not just 

the recognition of “non-self” signals, but the release of alarm or danger signals from host 

cells, which led to APC activation in a similar manner. These signals, classified as damage 

associated molecular patterns (DAMPs) (157), were initially shown to be released through the 

abnormal necrotic cell death occurring within cancer cells (158). However, continued research 

has shown that DAMPs can be released during cell death in both necrosis and apoptosis (159). 

Since this initial identification of DAMPs, a theory of immunogenic cell death as developed 

which has demonstrated the activation of DC by self-antigens, released in the process of cell 

death, particularly of cancer cells (160). Such processes have been shown to be induced by 

chemotherapy agents and the immunological response observed correlates with response to 

therapy (161,162).  The properties of immunological cell death include endoplasmic reticulum 

(ER) stress, leading to the expose of calreticulin and other ER proteins at the cell surface. 

These proteins signal and activate local DC through CD91, TLR4 and P2RX7 expressed on the 
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DC cell surface (160).  As cells begin to undergo either apoptosis or necrosis, further DAMPs, 

including heat shock proteins (163), HMGB1 (164) and double stranded DNA (165), induce DC 

activation.  It is now accepted that DAMPs, released through both apoptosis and necrosis, are 

capable of leading to immunogenic cell death through DC activation against tumour cells 

(159).  

Multiple DC subtypes are shown to be active in the setting of cancer, including monocytic DC, 

pDC and myeloid DC, although the role of each subpopulation is less clear. Monocytic DC have 

been shown to infiltrate murine melanoma tumours as the predominant DC population and 

these tumour-infiltrating DC were shown to be fully competent in their ability to act as APC. 

When activated, a protective effect was demonstrated against melanoma growth in mice 

(166). Despite the initial perception of a limited role of plasmacytoid DC in cancer immunity, 

murine tumour in-vitro models have also demonstrated that pDC developed effective anti-

tumour immune responses through the activation of antigen-specific CD8+ T cells. In 

melanoma models, pDC production of IL-12 and type I interferon led to T cell activation, with 

increased expression of T cell homing markers and T cell IFN-γ expression. pDC were also 

detected in human melanoma samples, supporting their potential role (167). The important 

role of conventional DC was demonstrated by Fuertes et al with CD8α+ DC confirmed as the 

population priming antigen specific CD8+ T cells in murine cancer models. Following exposure 

to B16 melanoma cells, a population of primed, IFN-γ producing CD8+ T cells was detected in 

the spleens of exposed mice. The generation of these antigen specific T cells was shown to be 

reliant on the production of Type 1 IFNs and importantly, induced by cross-presentation by 

DC. This was demonstrated through the depletion of DC by treatment with diphtheria toxin, 

as this population of primed T cells could no longer be detected (168). 
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The above findings highlight the importance of varying DC populations in the control of 

tumour growth and, in human cancer patients, a greater understanding of the role of DC 

subtypes has emerged in recent years. This is particularly important in the development of 

DC based cancer vaccination. Due to the challenges of extracting naturally occurring DC 

subsets, early research in DC vaccination has favoured ex-vivo generation of monocytic DC.  

The use of this method has shown promise, demonstrating induction of tumour immunity, 

however, limitations are seen with DC migration. Only 1-5% of injected DC were shown to 

survive or migrate to nodal sites (169,170) and actual tumour responses were observed in 

less than 10% of patients (171). Recent insights have been obtained into the superiority of 

naturally occurring DC (nDC) over in vitro generated monocytic DC (171), therefore further 

research into the use of naturally occurring myeloid or plasmacytoid DC has been a matter of 

focus, particularly owing to the improvements in cell isolation over recent years (172). 

 

The use of both mDC and pDC as part of cancer vaccination techniques has been explored 

extensively with clinical trials.  Tel et al demonstrated successful isolation of pDC from 

patients, followed by ex-vivo activation and loading of pDC with melanoma peptides. pDCs 

were able to induce Type 1 IFN responses and enhanced expression of IFN induced genes. 

Antigen specific CD4+ and CD8+ T cell responses were also detected. Although a feasibility 

study, review of the treated cases did reveal a substantial increase in overall survival when 

compared to matched untreated controls (173). The use of CD1+ mDC have been trialled both 

alone and in combination with pDC or additional immunotherapies (174-176). It is believed 

that the delivery of mDC in combination with immunotherapies leads to the exposure to 

tumour antigen and the capture and processing by DC, negating the need for maturation and 

antigen loading ex-vivo. In one small study of 14 patients with metastatic melanoma, antigen 
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loaded mDC were able to produce antigen specific T cell responses in one third of patients, 

with an association between their presence and patient survival (176). 

In human cancer patients these findings have resulted in the first phase III trial in patients 

with stage III melanoma, which is exploring the use of nDC in the adjuvant setting. This trial 

compared the use of combination pDC and CD1+ mDC vaccines to placebo. Although 

recruitment to this trial was prematurely halted due to the availability of alternative adjuvant 

therapies, robust survival data should be achieved following recruitment of 150 patients 

(174).  

  

1.2.4 The Development of Self-Tolerance  

The above data supports the role of DC in T cell priming in the setting of cancer; however, it 

is evident that tumours are not controlled successfully by the host immune system. Although 

early DC activation may be occurring, there is ineffective DC priming and activation of tumour 

specific T cells in the setting of cancer. Immune tolerance then ensues, preventing effective T 

cell responses. The reasons for the defective functions of DC are multiple, with development 

of both self-tolerance and dysfunction caused by the tumour microenvironment implicated.  

 

Self-tolerance is an important mechanism within a healthy immune system, required to 

prevent overwhelming immune reactions and tissue damage. For this reason, multiple 

mechanisms exist outside of the setting of cancer to allow this to occur. The determination of 

self-tolerance occurs primarily within the thymus, where frequent presentation of self-

antigens by DCs occurs. Here, deletion of T cells which have high affinity for self-antigens 

occurs within the thymic medulla (177). Peripheral tolerance also appears to be partly 
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dependent on circulating DCs, with deletion of auto reactive CD8+ T cells occurring when 

introduced into mouse models (178). The mechanisms behind this self-regulation are not fully 

elucidated however, the concept that an activated T cell response requires a combination of 

antigen presentation, co-stimulation and a cytokine response from DCs demonstrates the 

importance of cell-cell cross talk within the innate and adaptive immune system.  

These mechanisms of self-tolerance become particularly pertinent when trying to establish 

the failings of the immune system to recognise and mount an adequate immune response in 

the setting of malignancy. There are a number of mechanisms now defined, in particular, 

ineffective CD8 T cell responses and abnormalities in T cell regulation, however, another vital 

aspect in this setting is the inadequate development and function of DCs. The factors leading 

to both self-tolerance and immune suppression are numerous, therefore I will address 

important mechanisms, most pertinent to this research.  

  

1.3 Immune Dysfunction in a Malignant Environment  

A competent immune response is a vital way of eliminating abnormal cells which may have 

the capability of malignant transformation and this concept has long been accepted as an 

ongoing immune-surveillance process (179). The mechanism of immune escape is therefore 

of great interest in the development of malignancy and is now accepted as an emerging 

cancer hallmark (180). The fact that appropriate immune function is vital in reducing the 

occurrence of cancer is supported by evidence that the incidence of malignancy in 

immunosuppressed transplant recipients is 3 times higher than in the normal population, with 

over 20 different cancer types showing significantly increased incidence (181). In addition, 
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mouse models with deficiencies in T cell function are much more susceptible to the 

development of malignancy (182).  

This concept is supported within mesothelioma, with evidence that the presence of differing 

T cell subsets can significantly alter tumour progression. In a study of 302 mesothelioma 

tumours, the presence of an increased number of CD4+ infiltrating T cells and a lower number 

of NP57+ neutrophils and FOXP3+ Tregs, detected through immune-histochemical staining, 

were independently associated with improved survival (183). Examination of a smaller subset 

of tumours by Yamada et al demonstrated that increased numbers of tumour infiltrating CD4+ 

and CD8+ T cells predicted improved survival in those patients undergoing surgical resection 

for mesothelioma (184). There was also a trend for improved survival all patients with high 

CD8+ infiltration (receiving surgery or chemotherapy) however, this did not reach significance 

(p=0.10).  In contrast to the positive effect of T cell infiltration in mesothelioma, poor 

prognosis has been associated with increased neutrophil counts, with the neutrophil-

lymphocyte ratio forming an independent prognostic indicator in two large retrospective 

studies of mesothelioma patients (185,186). This parameter was also shown to increase 

steadily with disease stage from 2.8 at stage I to 3.7 at stage IV (186). These studies highlight 

the importance of the immune system in directing the path of tumour progression and begin 

to suggest that certain mechanisms are employed by cancer cells to subvert the normal 

immune response and allow tumour growth.  
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1.3.1 Immunosuppressive Mechanisms Employed by Cancer 

As introduced above, within a normal host there is continuous immune surveillance carried 

out by cells of the innate immune system, such as NK cells and macrophages, which detect 

transformed cells and initiate an immune response. The release of IFN-γ and breakdown of 

tumour cells releases tumour antigens which can be processed and presented by APCs, 

initiating T cell stimulation and an adaptive immune response with targeted cytotoxic T 

lymphocytes. During this process, some tumour cells with less immunogenic surface proteins 

may escape initial killing and lead to outgrowths of tumour populations which are hidden 

from the activated T cells and more resistant to killing. Overtime, these outgrowths gain more 

mutations and, following interaction with inflammatory cytokines, are more likely to produce 

additional factors which are capable of dampening down the immune responses occurring. 

Ultimately the tumour outgrowths which are most hidden and most immunosuppressive will 

persist and overcome the host immune response, leading to the clinical appearance of cancer. 

This process is described as a continuum of elimination, equilibrium and escape, termed 

immunoediting (182).  

1.3.2 Regulatory T cells  

Regulatory T cells (Tregs) are a subpopulation of CD4+ T cells which can be recruited to 

tumour sites through tumour and macrophage secreted chemokines such as CCL22 (187) or 

induced by tumour related factors including TGF-β production and the presence of immature 

DCs (188). The presence of Tregs within a tumour environment has multiple effects on 

conventional T cells, suppressing their function through release of the immunosuppressive 

cytokines TGF-β and IL-10 (189,190), along with the induction of IDO production (191) and 

the T cell inhibitory molecule B7-H4 on APCs (192) . The presence of intra-tumoural Tregs has 



Chapter 1 Introduction 

34 

 

been shown to reduce overall survival in a number of cancer subtypes (193) and in addition, 

cancer associated Tregs have been shown to have a more potent suppressive phenotype 

when detected in the peripheral blood of cancer patients, compared to healthy controls (194).  

The presence of inhibitory T cells is currently a factor under investigation in patients who lack 

responses to immunotherapy, as it is believed that the ongoing regulatory activity within a 

tumour may inhibit successful re-activation of immune function. Sutmuller et al 

demonstrated this effect using a murine model of the B16-BL6 melanoma tumour, clearly 

showing that the concomitant blockade of regulatory T cells, alongside tumour vaccination, 

was able to enhance the rejection of tumour growth. Antibodies against CD25 clearly 

demonstrated reduction in numbers of circulating regulatory T cells and both anti-CD25 and 

anti-CTL4-4 treatments were capable of enhancing the action of tumour vaccination. In 

addition, their effects were synergistic when both antibodies were given together (195). An 

additional mechanism of Treg depletion is the use of low dose cyclophosphamide, which has 

been shown in human subjects to successfully reduce numbers of CD25+ T reg cells. 

Ghiringhelli et al investigated increasing doses of cyclophosphamide, demonstrating that a 

low dose regimen is required to selectively target Treg populations, while maintaining the 

number and function of other T cell groups (196). Further studies using two murine models 

of mesothelioma demonstrated that using this method of cyclophosphamide Treg depletion 

led to enhanced tumour responses to both chemotherapy with gemcitabine and DC based 

vaccination (149,197). 
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1.3.3 Tumour Associated Myeloid Cells  

In addition to regulatory T cell populations the tumour microenvironment also harbours 

regulatory DC, along with inhibitory myeloid populations including M2 macrophages, 

inhibitory neutrophils and myeloid derived suppressor cells (MDSC).  

Inhibitory Dendritic Cells 

Mature DC are the most potent APC within the immune system, capable of activating 

cytotoxic T cells and initiating anti-tumour immune responses (198), however, the numbers 

of  detectable DC in the blood and tumours of cancer patients are significantly reduced 

(199,200). In addition to reduced numbers, the cytokine rich tumour microenvironment is 

capable of impairing DC development, creating cells incapable of T cell stimulation and with 

numerous immunosuppressive functions. The production of increased levels of VEGF, 

detectable in patient serum, is associated with both decreased intra-tumoural and circulating 

dendritic cells in cancer patients (201,202). Tumour associated VEGF and IL-6 have also both 

been shown to affect DC maturation, leading to reduced class II MHC expression and 

subsequent reduction in T cell priming ability (203,204). GM-CSF is also commonly released 

within the tumour microenvironment and in the setting of DC function this cytokine currently 

appears to have conflicting roles. In certain settings, GM-CSF has been shown to augment the 

tumour immune response, producing DC with higher expression of co-stimulatory molecules 

and inducing a strong cytotoxic T cell responses (205). It also appeared to drive clinical 

responses to tumour vaccination which were not observed in the absence of GM-CSF (206). 

In contrast to these findings, GM-CSF has a prominent role in the in vitro development of 

MDSC (207)  and has been shown to enhance these populations when given in conjunction 

with tumour vaccines, impairing their effectiveness (208). In addition to tumour-related 
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cytokines, a number of cancers, including lung cancer and mesothelioma, demonstrate high 

COX-2 activity with resultant prostaglandin-E2 (PGE2) production (209-211). PGE2 is most 

frequently thought of as a pro-inflammatory molecule however, exposure of DC to PGE2 at 

early stages of development can lead to inhibition of DC differentiation and loss of stimulatory 

function (212). Tumour related factors can also induce the expression of the 

immunosuppressive molecule B7-H1 (PD-L1) and B7-H4, both inhibitors of T cell function 

(192,213). The role of B7-H1 or, now more widely used, PD-L1, has been extensively 

characterised in the setting of cancer and is capable of reducing T cell IFN-γ and IL-2 

production, enhancing production of the immunosuppressive cytokine IL-10 and inhibiting  T 

cell anti-tumour responses (213,214). Krempski et al also demonstrated that in addition to 

the PD-L1/PD-1 interaction occurring between DC and T cells, DCs are also able to express 

both suppressive surface markers which lead to a self-regulatory feedback loop, decreasing 

the production of inflammatory cytokines and maintaining an immature phenotype (214). The 

induction of B7-H4 as an inhibitory molecule on DC is less well described, with its 

identification and role in T cell inhibitory function occurring in 2003 (215). It has since been 

shown that DC expression of B7-H4 is induced through IL-10 release, which can be stimulated 

by regulatory T cells (192). A further immunosuppressive DC mechanism includes the release 

of indoleamine 2,3-dioxygenase (IDO). IDO is the enzyme responsible for the catabolism of 

tryptophan, an amino acid required to allow T cell progression through the cell cycle and 

therefore essential for T cell proliferation (216). Signalling between regulatory T cell CTLA-4 

and the co-stimulatory DC molecules CD80 and CD86 has been shown to enhance IDO 

expression in DCs (191,217). IDO can be released by both mature and immature DC however, 

upon IFN-γ activation, IDO expression is lost. In contrast, in the presence of the 
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immunosuppressive cytokines IL-10 and TGF-β, IDO production persists and DC lose their 

ability to stimulate T cell proliferation (218).   

Tumour Associated Macrophages 

As with DC, macrophages are capable of both pro- and anti-tumour effects and with the 

progression of cancer, their roles as tumour promoters appears to increase. The recruitment 

of monocytes and macrophages into the tumour environment occurs at an early stage, 

particularly in those cancers with an inflammatory basis such as mesothelioma (219). This is 

further enhanced by tumour related cytokines and chemokines which recruit monocytes and 

macrophages to the site of the tumour. Monocyte chemoattractant protein-1 (MCP-1 or 

CCL2), is one of the most commonly detectable chemokines released by tumour cells and is 

associated with enhanced numbers of tumour infiltrating macrophages (220-222). Once 

present within the tumour their roles are determined by the presence of immunomodulatory 

cytokines which, most commonly in the setting of malignancy, drive macrophages to an 

alternative M2 phenotype.  Classically activated M1 macrophages form an integral part of the 

innate immune system and in the presence of IFN-γ and IL-12, released by Th1 cells and APCs, 

respectively, are capable of significant cytotoxic effects through the release of NO and TNF-α 

(223,224). In the presence of Th2 cytokines IL-4 and IL-13, macrophages are instead driven 

towards an M2 phenotype. These M2 cells release suppressive IL-10 in place of IL-12 and 

demonstrate enhanced arginase activity (225). Tumour associated macrophages (TAM) share 

similar features to alternatively activated M2 macrophages, with enhanced expression of 

immunosuppressive cytokines IL-10 and TGF-β. They also produce chemokines such as CCL2, 

to enhance further macrophage migration. Conversely, TAM also express chemokines known 

to induce IFN-γ release, demonstrating that this subpopulation is diverse from the classic M2 
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macrophage phenotype (226). Once the TAM phenotype is established within tumours, their 

roles become even further diversified, contributing not just to immunosuppression, but to 

vascularisation of the tumour due to VEGF release in response to tumour hypoxia (227-229) 

and tissue remodelling (230), demonstrating a wide role in the promotion of tumour growth.  

Tumour Associated Neutrophils 

In parallel to the divergence of macrophages within the tumour microenvironment, it has 

recently become apparent that neutrophils are also capable of polarisation into an N1 versus 

N2 phenotype which demonstrate tumour promotion. It is now accepted that high numbers 

of both circulating neutrophils and tumour infiltrating neutrophils have a negative impact on 

prognosis in cancer (183,231,232), however, the local and systemic mechanisms behind this 

have not been fully described. In addition to this, the distinction between tumour associated 

N2 neutrophils and granulocyte-myeloid derived suppressor cells (G-MDSC) is not well 

defined, leading to considerable overlap in their definition in many studies. Abnormal 

neutrophil populations have been detected in multiple cancers including head and neck 

cancer (HNSCC) (233), melanoma (234), lung, breast and gastrointestinal cancer (235) and I 

will attempt to draw together conclusions regarding their underlying mechanisms. Trellakis 

and colleagues investigated neutrophil populations in patients with HNSCC. They detected 

higher percentages of circulating neutrophils in HNSCC, compared to healthy subjects, and a 

correlation between increasing neutrophil counts and T stage or nodal status. Increased levels 

of chemokines involved in neutrophil chemotaxis including CXCL8 (IL-8), CCL4 and CCL5 were 

detected, along with CRP, a marker of systemic inflammation. The increases in CRP were again 

correlated with T stage and nodal involvement. In addition, following stimulation with tumour 

conditioned supernatants neutrophils rapidly released lactoferrin and MMP-9, both markers 
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of degranulation, indicating neutrophil activation was stimulated by HNSCC (233). 

Interestingly, MMP-9 has also been implicated in the initiation of angiogenesis in a tumour 

model of pancreatic cancer (236). In additional work, this group demonstrated that this 

population of neutrophils was functionally impaired, with reduction in ROS production 

following induction by phorbol 12-myristat 13-acetate (PMA). These cells were also 

comparatively resistant to apoptosis and displayed a predominant immature phenotype of 

CD66b+CD16 low/negative (237). In partial agreement of this study, Choi et al detected 

populations of CD16 low neutrophils in the blood of cancer patients with late stage tumours. 

In this study, the CD16 low population was believed to represent activated granulocytes, with 

loss of CD16 expression occurring upon activation. This population of CD16 low neutrophils 

was shown to be immunosuppressive through contact dependent induction of T cell 

apoptosis, although no mechanism was defined (235). In contrast to both of these 

observations Pillay et al, reported the detection of a mature, CD16 bright population, which 

through the release of hydrogen peroxide led to suppression of T cell function (238). This 

mechanism of T cell suppression has been further verified by a number of studies which 

demonstrate that the release of reactive oxygen species by neutrophils results in inhibition of 

the expression of the T cell receptor (TCR) zeta chain (required for T cell activation signalling), 

reduced cytokine production and subsequent inhibition of T cell proliferation  (239-241). The 

divergence in these neutrophil phenotypes may be due to the differentiation between 

immature G-MDSC and N2 neutrophils, demonstrating the possibility of 2 distinct populations 

within the setting of cancer.  

Along with difficulties in the description of the N2 phenotype, the mechanisms of N2 

neutrophil induction within the tumour microenvironment are also unclear. One favoured 
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mechanism is through the actions of TGF-β, which has been shown to reduce the cytotoxic 

abilities of neutrophils through reduced degranulation and contribute to neutrophil 

suppressive activity (242,243). Work by Fridlender et al supports this mechanism and this 

group successfully demonstrated the complex interplay between N1 and N2 neutrophils 

through the blockade of TGF-β. This study demonstrated that, in the presence of TGF-β, 

neutrophils display a pro-tumour phenotype with restricted activation of intra-tumoural CD8+ 

T cells. Blockade of TGF-β led to increased activation of intra-tumoural CD8+ T cells. This was 

not found to be simply due to the removal of immunosuppressive cells, but the reversal of 

intra-tumoural neutrophils to an N1 phenotype (243). The method employed by neutrophils 

to suppress T cell activity was not identified within this study however, the N2 neutrophils 

had higher arginase activity, an important mechanism of T cell suppression (244). An 

additional mechanism of N1 to N2 polarisation proposed by De Santo et al, is the action of 

serum amyloid A (SAA). This marker of systemic inflammation was detected in high 

concentrations in patients with melanoma and was shown to be the mechanism behind 

neutrophil polarisation in this setting. Polarised neutrophils demonstrated enhanced 

production of IL-10, a potent immunosuppressive cytokine, IL-8 and increased arginase 

activity. Polarised neutrophils were capable of T cell suppression, determined by mixed 

leucocyte reaction (MLR), and this was shown to be IL-10 dependent (234).  

An additional feature of N2 neutrophils is their loss of cytotoxic activity towards tumour cells, 

observed by Mishalian et al in models of lung cancer and mesothelioma. This study found that 

neutrophils detected in early cancers were more in line with classic N1 neutrophils, producing 

the inflammatory cytokine TNF-α and releasing nitric oxide and H202 and demonstrating 

tumour directed cytotoxicity. As tumours progressed, the inflammatory activity of neutrophils 
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was significantly reduced, implying polarisation to an N2 phenotype (245). In concordance 

with these findings, Fridlender also observed enhanced tumour cell cytotoxicity following 

TGF-β blockade due to enhanced inflammatory activity and release of reactive oxygen species 

(243). This role of ROS in TAN is of great interest as its effects on tumour toxicity and T cell 

function are clearly divergent, with the balance of effects possibly going someway to 

explaining the suppression of these neutrophil functions within a tumour setting. In addition 

to decreased immune stimulation and cytotoxicity, N2 neutrophils are also associated with 

tumour promotion, enhancing tumour growth and implicated in mechanisms of angiogenesis. 

In a murine model of pancreatic carcinoma, the presence of intra-tumoural neutrophils was 

shown to be responsible for the angiogenic switch through the production of MMP-9. 

Neutrophil MMP-9 led to the release of VEGF from pancreatic islets, permitting signalling and 

initiation of angiogenesis (236). Intra-tumoural neutrophils have also been found to 

independently upregulate VEGF expression (245) and be responsible for systemic release of 

VEGF in the blood of patients with oral cancers (246). It is therefore evident that neutrophils, 

altered from their classic phenotype, have a significant role in tumour progression in relation 

to both immune suppression and active pro-tumoural mechanisms.   

Myeloid derived suppressor cells 

Myeloid derived suppressor cells are a further subset of immunosuppressive or regulatory 

cells that have been identified in the tumour microenvironment and peripheral blood of 

cancer patients. These cells, initially termed immature myeloid cells (iMCs), are believed to 

be myeloid precursors, capable of differentiation into myeloid subsets including 

macrophages, granulocytes and dendritic cells; however, unlike in a healthy individual, these 

cells are not restricted to residing within the bone marrow until differentiation.  
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Suppressive immature myeloid cells were first identified in mouse tumour models by Young 

et al, through observations that mice bearing Lewis Lung Carcinomas developed a population 

of immunosuppressive cells within the bone marrow in a setting of enhanced haematopoiesis 

(247). Following this pivotal discovery, many more authors described the presence of large 

numbers of immature myeloid cells within tumour bearing mice and human subjects within 

the peripheral circulation, lymphoid organs and within tumour tissue itself (248,249). It is now 

accepted that these cells are not an isolated population of cells triggered by the presence of 

malignancy, but rather a heterogeneous group of immature myeloid cells which develop in 

many disease settings including sepsis (75), tuberculosis (76) and autoimmune disease (77). 

The term now adopted for these cells is myeloid derived suppressor cells (MDSCs). There are 

currently 2 major subsets identified in human subjects, which include monocytic MDSC (m-

MDSC) and granulocytic MDSC (g-MDSC) although, as touched on above, due to the fact that 

this population are myeloid precursors, there are considerable difficulties in the 

differentiation of these cells from other groups of regulatory myeloid cells including 

suppressive DC, TAM and TAN. Recent attempts have been made to produce a defined 

phenotype although to date, there is no single set of surface markers or cellular 

characteristics that can definitely identify these populations in humans (250). Murine MDSC 

are more accurately identified due to the presence of a specific set of surface markers which 

are not detectable on other cell populations. Initially defined by the surface expression of 

Gr1+ and CD11b+ (251) and now sub-divided into monocytic MDSC and granulocytic MDSC, 

determined by their expression of Ly6C or Ly6G, respectively (252-254).  
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1.3.4 Checkpoint Activation and its Role in the Tumour Environment  

CTLA-4 

The understanding of the role of check points in the tumour environment has boomed over 

the last decade, with considerable successes occurring in targeting these pathways to release 

the brakes they place on the host immune system.  Understanding their role in the 

development of malignancy is essential for the understanding of how the drugs targeted 

against them have managed to herald such success in a relatively short period.  

The role of checkpoints, as their name would allude, is to provide the appropriate “checks” 

during immune activation, balancing the stimulatory and inhibitory signals to allow an 

effective immune response, while preventing serious harm resulting from the actions of the 

effector cells. Throughout the immune system there are mechanisms of negative feedback, 

allowing only the most appropriate level of response to occur. T cells, during their initial 

activation, require co-stimulation via two cell surface proteins, which trigger a cascade of 

intracellular signals. The first surface protein requiring engagement is the T cell receptor (TCR) 

itself, with stimulation through presentation of antigen bound to MHC molecules. This binding 

triggers a cascade of signalling within the cell, leading to early transcription of IL-2 (255), 

which is then augmented through binding of the co-stimulatory molecule CD28 to CD80 (B7-

1) or CD86 (B7-2) expressed on the antigen presenting cell (256). Only after this second signal 

does transcription of IL-2 mRNA become stable and its production is increased 30 fold (256). 

At initial activation of the T cell, CD28 expression is transiently increased (257) however, 

shortly after the ligation of both the TCR and CD28, CD28 mRNA and surface expression begins 

to be down regulated (258). Within this period, CTLA-4 expression is markedly increased and 

begins to competitively bind to CD80 and CD86 in place of CD28, and with markedly higher 
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affinity (259). Due to the high detected affinity for CD80/CD86 binding, CLTA-4 was initially 

believed to be an additional co-stimulatory factor however, it was later demonstrated that 

this transition in expression was in fact a mechanism of T cell regulation, slowing down the 

activation and proliferation initially triggered.  This concept was clearly demonstrated in 

murine models deficient for CTLA-4. These mice demonstrated a fatal lymphoproliferative 

disease, which was halted through the administration of CTLA-4Ig, providing evidence that 

CTLA-4 expression was required to maintain T cell tolerance (260). It has since been 

demonstrated that the highest expression of CTLA-4 is found on regulatory T cells, further 

confirming its role in immune regulation (261). 

PD-1 

The second most prominent regulatory molecule in T cell signalling is PD-1. PD-1 was first 

identified as a negative immune regulator following studies within mouse models. The 

absence of PD-1 expression was associated with the development of autoimmune lupus-like 

arthritis and glomerulonephritis syndromes, in addition to autoimmune cardiomyopathy 

(262,263).  PD-1 expression was shown to be induced following T cell and B cell activation, 

with its primary inhibitory function being associated with T cell expression (264,265). The 

ligand for PD-1 was identified by Freeman et al, who demonstrated that PD-L1:PD-1 binding 

inhibited T cell proliferative responses (266). T cell inhibition could be overcome through 

higher T cell co-stimulatory binding of the TCR and CD28, in addition to higher levels of IL-2 

however, with prolonged PD-L1:PD-1 binding this pathway appeared to show dominance 

(267). PD-1 activation alters the profile of cytokine production, with a reduction in IL-2 and 

increased IL-10 secretion from activated T cells (268); also altering the expression of 
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transcription factors involved in cell cycle progression, T cell effector function and cell survival 

signalling (269). 

PD-L1 is expressed on a variety of cell types including T cells, B cells and the antigen presenting 

cells, macrophages and DC. This presence is interesting as it has been shown that its ligation 

not only impairs T cell function, but also alters the stimulatory functions of APCs (270). A 

second ligand to PD-1, PD-L2, is much less frequently found and was initially believed only to 

be inducible on macrophages and DC in response to inflammatory cytokines such as GM-CSF, 

IFN-γ and IL-4 (271,272). Further work has since demonstrated that a far more diverse 

population of cells can express PD-L2, with detection on alveolar epithelial cells, in response 

to respiratory syncytial virus (RSV) infection and the presence of IFN-γ and IL-4 (273); colonic 

fibroblasts (274); and, most interestingly, tumour associated fibroblasts in NSCLC, with a 

range of expression from 13-82% (275). Fibroblasts are able to act as non-professional APC 

and therefore, may be capable of altering immune responses. Within the colonic environment 

it was demonstrated that PD-L2 expression on fibroblasts was capable of inducing T cell 

inhibition via a reduction in IL-2 production (274).  Within the environment of NSCLC, this role 

was also confirmed, with a reduction in T cell suppression occurring with the use of PD-L2 

inhibitory antibodies (275) .  

LAG-3, TIM-3 and TIGIT 

In addition to CTLA-4 and PD-1, further signalling molecules including TIM3, LAG-3 and TIGIT, 

are also implicated in the mechanisms of immune homeostasis through T cell inhibition. 

Lymphocyte antigen gene-3 (LAG-3) was originally discovered as a T cell molecule with 

structural homology to the CD4 co-receptor. LAG-3 was shown to bind competitively to class 

II MHC molecules, displacing CD4-MHC binding (276) and to be responsible for the control of 
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T cell expansion following activation (277). Similarly to CTLA-4, LAG-3 expression is also found 

in higher concentrations on regulatory T cells, with loss of this expression leading to loss of 

control of T cell regulation, in addition to loss of regulation of macrophages, granulocytes and 

dendritic cells (278). T cell immunoglobulin-3 (TIM-3), identified in 2002, was again implicated 

in control of T cell activation (279). Through antibody binding of TIM-3 its negative regulatory 

properties were identified, with its absence strongly associated with the development of 

auto-immune disease (280,281). TIM-3 has been found to have a number of ligands, although 

most implicated in its role as a negative regulator of T cells are galectin-9 and high mobility 

group protein B1 (HMGB1), leading to induction of cell death and inhibition of innate immune 

activation, respectively (282,283). The most recently identified of these three additional 

inhibitory proteins is T-cell immunoreceptor with Ig and ITIM domains (TIGIT). Identified in 

2009, TIGIT is expressed on activated T cells, in addition to NK cells and Tregs. TIGIT was shown 

to inhibit proliferative functions of T cells through impaired TCR signalling, in addition to the 

suppression of Th1 function by regulatory T cells (284,285). Interestingly, TIGIT has also been 

shown to affect DC function, leading to a switch in cytokine production from pro-

inflammatory IL-12 to inhibitory IL-10 and resulting in T cell inactivation (286).  
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Figure 1. 4. Mechanisms of T cell regulation by CTL4-4 and PD-1. 

T cell activation occurring via MHC:TCR binding and co-stimulation by CD28:CD80/86 leading to T cell 
activation. Activation of the TCR triggers the translocation of CTLA-4 molecules to the cell surface 
which competitively bind to CD80/86 and dampen the activation. The PD-1 pathway can be activated 
following initial T cell activation, which leads to IFN-γ release. IFN-γ triggers signalling within tumour 
and healthy tissue, leading to the transcription and up-regulation of PD-L1. PD-1:PD-L1 binding then 
acts to down-regulate T cell activation and minimise tissue damage. (Adapted from Pardoll, 2012 
(287). 

 

Check points within the tumour environment 

Following the discovery of inhibitory check points within the immune system, thoughts rapidly 

gravitated to the prospects of signal manipulation in order to treat disease. The function of 

these molecules was therefore extensively investigated within the tumour microenvironment 

and the possibility of releasing the brakes on the immune system, in order to target cancer, 
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found feature within multiple cancers including mesothelioma, lung cancer, melanoma, 

urothelial cancers, amongst others (274,288-291) .  

 PD-L1 expression on normal systemic tissues is low, however, within the tumour 

environment activation of intracellular pathways leads to up-regulated expression on the cell 

surface. Early research demonstrated that PD-L1 could be detected on a number of human 

cancer cell lines, and that expression could be further enhanced through the presence of 

inflammatory molecules such as IFN-γ, highlighting the role of PD-L1 in immune regulation. 

IFN-γ signalling was shown to lead to activation of the transcription factor interferon 

regulatory factor 1 (IRF-1), leading to enhanced binding to the PD-L1 promoter. Furthermore, 

the role of the JAK/STAT pathway was also demonstrated, with inhibition of JAK/STAT 

signalling significantly reducing the expression of PD-L1 (292). Further evidence that PD-L1 

was important in cancer mediated regulation of the immune system was shown by its 

regulation in NMP/ALK+ T cell lymphomas. The NMP/ALK rearrangement is a proven 

oncogene whose activation leads to constitutive expression of STAT3 and promotion of 

proliferation and survival (293). Marzec et al further demonstrated that NMP/ALK activation 

of STAT3 was also responsible for the enhanced expression of PD-L1, thus enhancing the 

ability of T cell lymphoma cells to deactivate inflammatory immune signalling and invade 

immune detection (294,295). Similar enhanced PD-L1 expression has also been shown in 

gliomas, in response to PI3K signalling, following the loss of the phosphatase and tensin 

homolog (PTEN) gene (296). In human lung cancer, activation of PD-L1 signalling was shown 

to be regulated by both IFN- γ stimulated STAT3 activation and an alternative pathway, 

involving PI3K, ALK and mTOR signalling. mTOR was shown to have a strong role in PD-L1 
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expression, demonstrated by reduction in PD-L1 expression following the use of the mTOR 

inhibitor rapamycin. This inhibition also resulted in decreased rates of tumour growth (297). 

The enhanced level of expression of PD-L1 in tumour tissues, undoubtedly disrupts immune 

activation within the tumour environment. Tumour T cell infiltrates have been shown to be 

significantly lower in tumours with high levels of PD-L1 expression in patients with resected 

NSCLC (288). Although no correlation to pathological features or post-surgical outcome could 

be detected within this study of NSCLC, Nakanishi et al demonstrated significant correlation 

between PD-L1 expression and both tumour grade and post-operative tumour recurrence in 

urothelial cancer (290). Similar associations were detected within both gastric and breast 

carcinomas. In gastric cancer, 42% of tumours were positive for PD-L1 expression with tumour 

size, invasion, presence of lymph node metastases and overall survival all significantly 

associated with PD-L1 expression (298). Higher grades of breast cancer and the poor 

prognostic feature of triple negative breast cancer were also associated with PD-L1 expression 

(299). 
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Figure 1. 5. The multiple signalling pathways of PD-L1 expression.  

Signalling via the IFN gamma receptor leads to signalling via JAK and STAT3 leading to downstream 
signalling and binding of IRF1 to the PD-L1 promoter. Enhanced PD-L1 expression has also been shown 
in response to PI3K signalling, following loss of the PTEN gene. This leads to ALK and mTOR signalling, 
again driving binding of transcription factors to the PD-L1 promoter.  

(Adapted from Ritprajak and Azuma, 2015 (300)). 
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1.4 Using Checkpoint Inhibition in the Treatment of Lung Cancer  

1.4.1 The Role of PD-1/PD-L1 Blockade in the Management of Lung Cancer 

Lung cancer has been one of the most successful tumour subtypes for the integration of 

checkpoint inhibition into clinical practice, with huge changes in clinical practice occurring in 

recent years. Early trials demonstrated excellent response rates in patients with advanced 

lung cancer, and where conventional chemotherapy could expect to provide only minimal 

gains in survival, PD-1 blockade led to survival beyond that ever seen before in this setting. 

The first trial to demonstrate these outcomes was KEYNOTE 010, which improved overall 

survival outcome in patients receiving PD-1 inhibition versus standard chemotherapy. 

Analysis of those patients with PD-L1 positivity greater than 50%, survival was more than 

doubled, from 8.2 months to 17.3 months (301). Three pivotal trials in lung cancer further 

paved the way for the introduction of immunotherapy into mainstream practice, with 

demonstration of an overall survival benefit in both the first line and second line setting. 

Within KEYNOTE 024 patients with advanced NSCLC were enrolled to receive either 

immunotherapy with pembrolizumab, or standard chemotherapy at diagnosis. Patients 

receiving Pembrolizumab saw increased response rates of 44.8% compared to 27.8% with 

chemotherapy, in addition to significantly longer progression free survival of 10.3 months 

compared to 6 months (143). Patients with this trial were permitted to cross over following 

progression on chemotherapy, weakening overall survival data. In the second line setting, the 

PD-1 antibody Nivolumab again provided significant improvements in response rates, 

increasing from 9% with chemotherapy to 20% with Nivolumab. In addition, a clear survival 

advantage was demonstrated in 2 separate phase III studies, with median OS improving from 

6 to 9.2 months but, most dramatically, 2 year OS improving from 8% to 23% (302). 
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Promisingly, unlike with some of the earlier immunotherapy trials with CTLA-4 antibodies, PD-

1 blockade seemed to be well tolerated with a favourable toxicity profile over standard 

chemotherapy. Most recently, immunotherapy with pembrolizumab has been licensed for 

use in combination with standard chemotherapy, following clinical trial results that 

demonstrated further improvements in response rates, progression free and overall survival, 

compared to immunotherapy alone (303). Response rates within the combination arm were 

47.6% compared with 18.9% within the chemotherapy-alone arm, with disease control 84.6% 

compared to 70%. PFS was almost doubled, from 4.9 to 8.8 months with combination 

treatment, and this translated to a significant OS benefit, with a hazard ration for death of 

0.49. At 12 months a 20% survival difference was detected, with 69.2% of patient alive in the 

combination arm compared with 49.4% with chemotherapy alone. Such dramatic 

improvements in response and survival are rarely seen in clinical trials in cancer, and truly 

mark a changing landscape. 

Despite these huge leaps forward treatment in all trials and in licensing was restricted to 

patients of performance status (PS) 0 or 1. This restriction excludes a large number of lung 

cancer patients, as the age of presentation and association with smoking means that a large 

number of patients are likely to carry comorbidities which exclude them from access. A 

retrospective study carried out on 20,561 Polish patients with lung cancer demonstrated that 

within both males and females, the percentage of PS2 patients were 29 and 31%, respectively 

(304). Previous research has clearly proven that treatment of PS2 patients with standard 

chemotherapy agents does lead to improved survival outcomes (305,306), therefore with 

proven lower toxicity rates, immunotherapy should be opened up to this broader population.  
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The study incorporated within this PhD examined the use of Pembrolizumab within a PS2 

population. As part of this study, we wished to explore whether inflammatory profiles and T 

cell function were associated with response to treatment or prognosis. (ClinicalTrials.gov 

Identifier: NCT02733159).   

In addition to analysis of patient samples from PEPS2, we were also able to perform analysis 

on blood samples obtained from an additional clinical trial assessing the function of the PD-

L1 antibody, Durvalumab. This patient cohort was a subgroup from the national lung matrix 

trial (MATRIX), a precision medicine trial aimed at enabling the analysis of multiple targeted 

treatments, without the need for individual trials (ClinicalTrials.gov Identifier: NCT02664935). 

Following the recent success of EGFR and ALK targeting in lung cancer it became evident that 

further detectable mutations within lung cancer may also provide actionable targets 

(307,308). Through the stratified medicine programme, MATRIX aims to identify small sub-

populations of patients with lung cancer who carry actionable mutations and partner them 

with available treatments. As these cohorts alone are small, sometimes accounting for only 

1-2% of an unselected population, individual trials would struggle to recruit numbers to 

provide statistically significance in outcomes. MATRIX aims to analyse treatment efficacy, not 

comparing to a standard treatment arm. Where patients do not carry any targetable 

mutations, they will be offered treatment with the PD-L1 antibody Durvalumab.  

The access to samples from an additional population receiving treatment aimed at disrupting 

the PD-1/PD-L1 pathway provides a useful comparator and an opportunity to confirm any 

potential observed findings.  In addition, the differentiation between patients of PS 0-1 

enrolled within MATRIX and those of PS2 within PEPS2 provides a novel insight into the 
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changing immune patterns in patients with advanced cancer with significant comorbidity. 

 

Figure 1. 6. Molecular subtypes in NSCLC.  

There are now a large number of identified activating mutations in both adenocarcinoma and 
squamous cell lung cancer. Targetable mutations can lead to improved treatment responses and 
survival in selected patient populations. The MATRIX trial aims to improve the testing and delivery of 
targeted treatments to determine efficacy in small cohorts, which would otherwise not enter clinical 
trials. 

(Adapted from Pao and Hutchinson 2012 and Oxnard et al 2013 (307,309)).  
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1.4.2 Predictive Biomarkers Associated with Response to Immunotherapy 

Despite the treatment revolution that immunotherapy has provided, not all cancer patients 

respond to this therapy and there are few accepted biomarkers which can be predictive of 

response or risk of toxicity. Several recent studies have examined clinical and biological 

parameters to aid in this stratification of patients, but to date this knowledge is limited. The 

most commonly used tool to assess the chances of clinical response to anti-PD-1 therapy is 

the assessment of tumour PD-L1 expression, with early trials of check point inhibition clearly 

demonstrating an association between high PD-L1 expression and  tumour responses in many 

cancer types (310). This association continued to be observed within lung cancer trials, with 

response rates of 50% seen in those patients with PD-L1 expression levels greater than 50%, 

compared to only 28% in those with levels of 1% or more (311). Interestingly, trials in 

melanoma did not find a significant association between PD-L1 expression and response 

(312), leading to the variations in drug licensing criteria for these tumour types. The 

difficulties in the ability to predict responses accurately using PD-L1 expression alone has 

since led to alterations in PD-L1 measurement, with the prevalence of PD-L1 on the 

surrounding immune infiltrate now being considered as an equally important biomarker. This 

biomarker adoption stemmed from a trial of the PD-L1 antibody atezolizumab, where the 

investigators un-expectantly found that higher PD-L1 expression on the immune infiltrate had 

a greater association with response than tumour PD-L1 expression. PD-L1 was detected on a 

number of immune cells including macrophages, dendritic cells and T cells and 83% of 

tumours with an immune infiltrate IHC score of 3 responded to treatment. Herbst and 

colleagues were able to obtain on-treatment biopsies within this study and clearly 

demonstrated that responding tumours showed a dense infiltrate of immune cells with high 
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PD-L1 expression. Non-responding tumours were seen to have little or no infiltrate, with poor 

PD-L1 expression (313).  

Finding such as those by Herbst et al have led to the development of scoring systems such as 

the combined positive score (CPS), which incorporates both the tumour and immune cell 

prevalence of PD-L1 positivity. Early forms of this test in melanoma incorporated tumour cell 

expression of PD-L1, in addition to staining of mononuclear inflammatory cells. Significant 

associations between high scores and both response rates and progression free survival were 

demonstrated (289). Developments of this scoring method subsequently produced the CPS 

assay, which is defined as the percentage of tumour cells, macrophages, or lymphocytes 

expressing PD-L1 in a tumour biopsy, relative to the total number of tumour cells (314). This 

test has been validated through a number of clinical trials and is now set as the standard in 

more recent trials assessing tumour responses to PD-1 inhibition (315,316). The adoption of 

this broader assessment of PD-L1 detection clearly signifies the importance of the immune 

infiltrate in tumour immune evasion and in determining responses to treatment.  

The finding that the expression of PD-L1 on the immune infiltrate in cancers is important is 

no surprise and raises further questions about the predictive value of the types and numbers 

of immune cells within both the tumour microenvironment and peripheral blood. The most 

frequently examined immune cell types in this setting are both tumour infiltrating T cells and 

Tregs, with evidence to suggest that response to treatment is associated with higher levels of 

infiltrating T cells, and in the setting of CTLA-4 antibodies, the presence of Treg cells is 

significantly predictive of response (317). In two separate studies by Martens et al baseline 

characteristics, in addition to dynamic changes in blood parameters, were examined in 

patients receiving ipilimumab, to assess their association with response and overall survival. 
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They observed that low percentages of both baseline monocytes and HLA-DR negative 

monocytic-MDSC were predictive of long term survival, in addition to a positive association 

between high relative eosinophils counts and patient outcomes (317). When examining 

dynamic changes, the most striking changes were seen CD4+Ki67+ and CD8+Ki67+ circulating 

T cells, with increased frequencies detected in 84% and 96% of patients, respectively. 

Increases in frequencies of circulating CD4+CD25+FoxP3+ T regs and a reduction in classical 

monocytes were also detected.  When correlated to patient outcome, the most striking 

association with improved OS was seen when patients demonstrated early increases in 

absolute lymphocyte counts, with an associated delayed increase in CD4+ cells. When 

compared to patients who had neither finding, this combination of outcomes saw a dramatic 

increase in 1 year survival from 9.6% to 78.3% (318).  

These findings clearly demonstrate that alterations within the immune system are vital in the 

mechanisms used by tumours to evade detection. The presence of PD-L1 on tumour cells is 

most certainly not the only factor determining response to PD-1/PD-L1 inhibition and it is now 

widely accepted that assessment of the immune infiltrate should be a part of initial tumour 

assessment. The role of circulating immune biomarkers are, however, less well accepted and 

it is unclear whether these parameters can be reliably associated with response and outcome. 

Through this PhD this is a question I plan to further explore.  
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1.5 Project Aims 

As discussed within the introduction, mesothelioma is a cancer with very poor prognosis and 

limited treatment options. Further research is required to fully understand the environment 

in which this cancer develops, in order to aid in the development of targeted and successful 

treatments.  

Through the first part of this thesis I plan to assess the peripheral and tumour immune profile 

of a cohort of mesothelioma patients at diagnosis. This will be achieved through the sampling 

of patient tissue and blood during either surgical biopsy or resection. I plan to primarily 

examine the myeloid compartment, to identify abnormal populations by comparison with 

healthy control blood samples. Tissue analysis will be aimed at identifying the presence of 

infiltrating myeloid or T cells. My aim is to determine whether an identified population 

displays significant functional differences to healthy controls and has the ability induce T cell 

tolerance. The mechanisms behind this will be sought.  

Secondly, I wish to examine the effect of mesothelioma on T cell immunity. T cell dysfunction 

has a prominent role in the patterns of immune escape within malignancy and the immune 

profile within mesothelioma has the potential to drive T cell dysfunction through direct 

interaction as well as through altered APC function. I plan to examine the role of STAT3 in this 

setting, aiming to explore the effects of mesothelioma in T cells with both functioning STAT3 

and inhibited STAT3 signalling.  

My final aim is to assess whether the peripheral immune profile can be used to predict 

response to checkpoint blockade and to determine whether checkpoint blockade can affect 
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or normalise this profile.  From this information, I hope to establish markers predictive of 

response to immune modulation or survival within mesothelioma or NSCLC.  
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Chapter 2: Materials and Methods 

 

2.1 Healthy donor and patient blood and tissue preparation  

2.1.1 Patients and Donors 

Samples were obtained from 44 patients with suspected mesothelioma who were attending 

for diagnostic biopsy at Heartlands Hospital, Birmingham, and from 7 patients with confirmed 

mesothelioma attending for resection at Glenfield Hospital, Leicester. Clinical information 

was obtained through case note review at the source hospital by members of the local 

research teams. Written informed consent was obtained before sample collection with ethical 

approval obtained from the London Ethics Committee (reference number 14/LO/1527) and 

through the Midlands Lung Tissue Consortium (reference number 07/MRE08/42). 

For the work carried out within the PEPS2 clinical trial ethical authorisation was obtained from 

the West midlands Research Ethics committee (reference number 16/WM/0010). For work 

carried out as part of the National lung MATRIX trial ethical authorisation was obtained 

through the National Research and Ethics committee South, Central and Oxford (reference 

number 14/SC/1346). 

Healthy donor samples were obtained from volunteers at the University of Birmingham and 

were collected under the previously held ethics of Dr Francis Mussai (reference number 

10/H0501/39).  

For patient samples, venepuncture was carried out at varying times of the day, prior to surgery or 

biopsy, or at time of attendance for treatment. No exact timings were recorded, although due to the 
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nature of the attendance to hospital, most venepuncture was performed prior to 12noon. All were 

within working hours of 9am to 5pm. Healthy donor samples were taken primarily between 9am and 

12 noon.  
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2.1.2 Sample Preparation 

40ml of whole blood, collected in heparinised vacutainers, and matched fresh tissue samples 

were obtained where possible. Samples were transported on the day of collection to the 

University of Birmingham. 

2.1.3 Plasma Collection 

Blood samples collected in heparinised tubes were allowed to stand for 1 hour at room 

temperature to allow natural separation. Plasma was collected and centrifuged for 5 minutes 

at 500xg then transferred to a clean Eppendorf tubes prior to storage at -80°C.  

2.1.4 Whole Blood and Peripheral Blood Mononuclear Cell (PBMC) Processing 

PBMCs from both patients and healthy donors were isolated from whole blood through 

gradient separation. For certain experiments aphaeresis leukocyte-depleted cones, 

purchased from the National Blood Service, were used to obtain CD14+ monocytic cells or T 

cells. Blood was diluted in RPMI-1640 (Sigma Aldrich) 1:1 for patient or healthy donor samples 

and 1:4 for aphaeresis cones, before layering onto Lymphoprep (Stemcell technologies). 

Samples were then centrifuged for 30minutes at 900xg with the brake off. PBMCs were 

collected from the plasma:Lypmphoprep interface. PBMCs were washed with RPMI for 

15minutes at 500xg. The supernatant was discarded, and the cells washed with RPMI for 

10minutes at 270xg. 

To enrich for CD14+ cells and CD15+ cells, the PBMC pellet was resuspended in 500μl MACS 

buffer with 50μl CD14 or CD15 magnetic beads (Miltenyi). Samples were mixed and placed at 

4°C for 20 minutes. Samples were washed in MACS buffer (phosphate buffered saline (PBS) 

1X, 2% BSA (≤0.1ng/mg endotoxin) , 2 mM EDTA), centrifuged for 5 minutes at 500xg and the 
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pellet re-suspended. MACS LS columns (Miltenyi) were inserted into a magnetic separator 

and prepared by rinsing with 3ml MACS buffer. The cell suspension (500 l) was then added 

and the column washed 3 times with 3ml of buffer. The column was removed from the 

magnetic field and the magnetically labelled cells flushed out using a plunger within 5ml RPMI.  

Negative fractions were centrifuged for 5 minutes at 500xg and resuspended in fresh medium. 

Cells were further sorted if required, or frozen for future use.  

For granulocyte isolation, visible cells were harvested from the top of the red cell pellet using 

a suction pipette, following gradient separation. Approximately 500μl of cells were diluted in 

5ml of lysis buffer and RBC lysis performed over 10 minutes at room temperature. Lysis buffer 

was diluted with RPMI and the sample centrifuged, to reveal a leukocyte pellet. The pellet 

was further purified through magnetic bead separation as described above, using CD15+ 

beads (Miltenyi).  

2.1.5 Tumour Tissue Processing   

Tissue samples were obtained during biopsy or surgical resection procedures and placed as 

fresh tissue into RPMI. They were stored at 4°C until collection, transported on ice and stored 

again at 4°C within our laboratory until processing. Samples were processed within 12 hours 

of receipt. Specimen pots were opened within a sterile culture hood and tissue diced into 

small pieces in a petri dish before transfer to MACS C-tubes (Miltenyi) in 7ml of RPMI. Tissue 

was further mechanically digested using the gentle MACS cell dissociator (Miltenyi). The 

resultant cell suspension was filtered and washed with RPMI and centrifuged for 5minutes at 

500xg. Samples were then stained using the following anti human antibodies in 300 l FACS 

Buffer (PBS 1X (Sigma) +10% foetal bovine serum (FBS, Sigma)): CD45, CD14, CD15 and CD3 

(All antibodies were produced by Biolegend). The samples were incubated with the antibodies 
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at 4°C for 30 minutes. The samples were washed twice in FACS Buffer, re-suspended in 500 

l of FACS Buffer and sorted with the FACS Aria cell sorter. The positive cells were collected 

in 10% RPMI.  

Negative cells were collected and cryopreserved as “tumour cells” for future use.  

 

2.2 Cell Culture 

2.2.1 Growth and Maintenance of Tumour Cell Lines 

The mesothelioma cell line MSTO211 was obtained as a gift from Professor Fennell, University 

of Leicester, and 5 additional mesothelioma cell lines, Meso 15, Meso 26, Meso 30, Meso 34 

and Meso 43, were purchased from MesobanK UK (Table 2.1).  Cell lines were verified using 

Northgene DNA short-tandem repeat analysis and were routinely tested and negative for 

mycoplasma. All mesothelioma cell lines were cultured in complete medium consisting of 

RPMI-1640 (Sigma), 10% heat inactivated Foetal Bovine Serum (FBS, Sigma), 1% penicillin/ 

streptomycin (Life Technologies), 1% sodium pyruvate (Life Technologies) and 1% L-glutamine 

(Life Technologies). Cells were grown at 37°C in 5% CO2 in 25cm2 flasks and split twice per 

week. Cells were split using 1x TrypLE Express (Gibco), 1ml per flask, for 5 minutes. Cells were 

then harvested by agitation and dilution in RPMI, centrifuged for 5 minutes at 500xg and re-

plated at a density of 1 x 106 per 25cm2 flask in 10ml complete medium.  

For the purpose of extracting tumour conditioned media (TCM), cells were plated as described 

above and cultured for 72 hours until approximately 90% confluent. Cell line conditioned 

media was then removed and filtered prior to use. 
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2.2.2 Cryopreservation of Cells 

When cell lines were not in use they were cryopreserved at -80°C. Cells were centrifuged for 

5 minutes at 500xg. All media was removed from pellets prior to re-suspension in freezing 

media consisting of FBS and 10% dymethyl sulfoxide (DMSO, Sigma) and transfer to 1.5ml 

cryovials. Cryovials were placed in an isopropanol filled Mr Frosty (Nalgene) and placed in a -

80°C freezer. Cells were moved from the Mr Frosty into cryo-boxes after at least 4 hours.  

To thaw frozen vials, they were gently washed in warm media, prior to dilution in 5ml RPMI 

and centrifuged at 500xg for 5 minutes to remove freezing media. Cell pellets were re-

suspended in the desired media prior to use.  

2.2.3 Transwell Assays and Polarisation of Isolated Myeloid Cells 

Monocytes were extracted from an aphaeresis cone and granulocytes were extracted from 

healthy donor blood samples following gradient separation, as described above. For the 

development of dendritic cells (DC), CD14+ cells were plated at a concentration of 1x106 per 

ml (3 ml per well) in 6 well plates (Costar) in the presence of GMCSF (50ng/ml) (Peprotech) 

and IL-4 (100ng/ml) (Peprotech) and cultured at 37°C in 5% CO2 for 6 days. To polarise cells, 

DC were generated in the presence of 25% TCM for 6 days, granulocytes were cultured in 12 

well plates in a total of 2ml media, in the presence of 25% TCM for 24-48 hours.  Where 

transwell assays were used, mesothelioma cell lines were plated in a 24 well plate at a 

concentration of 0.1x106 and returned to the incubator to allow adherence to the plate. After 

4 hours, a 0.4μm transwell permeable support containing 0.5x106 neutrophils was placed on 

top of the plated cells. Cells were cultured for 24 or 48 hours, depending on the experimental 

design. 
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2.2.4 T Cell Proliferation and Suppression Assays 

Two methods of T cell functional assays were used during this PhD; a mixed leucocyte reaction 

(MLR) using DC to stimulate T cell proliferation and T cell suppression assays using anti-CD3 

and anti-CD28 stimulation. In both cases we used a 96 flat bottom well plate (Falcon), and 

cells were cultured in 200 l of medium. 

For MLR using DC, 50,000 DCs, generated as described above, were co-cultured with 200,000 

allogeneic T cells for 96 hours. Suppressive activity was determined by the addition of 

reducing concentrations of immunosuppressive cells (CD15+ cells purified from patients or 

healthy donors, and TCM polarised CD15 + cells) to a DC: T cell MLR, with at ratios of 1:1 to 

1:0.125, T cells:CD15+ cells. Unstimulated, immature DC were used within these culture 

conditions, previously demonstrated to effectively stimulate T cell proliferation (319).  

For T cell suppression assays, anti-CD3 monoclonal antibody (eBioscience) was plated 

approximately 12 hours before the assay was begun to allow time for fixation of the plate 

bound CD3 (3g/ml). Following cell preparation, reducing concentrations of either patient 

derived or polarised CD15+ cells were then plated alongside allogeneic T cells at ratios of 1:1 

to 1:0.25. Further T cell stimulation was achieved through the addition of anti-CD28 

antibodies (2g/ml) (eBioscience). T cells cultured in absence of suppressive cells were used 

as a proliferation control. Unstimulated T cells were used as a negative control. Where T cell 

function was being assessed in isolation, anti-CD3 and anti-CD28 were used to stimulate T cell 

proliferation, without the addition of other cell populations.  

Following culture for 96 hours proliferation was assessed through 3H-thymidine 

incorporation. Thymidine was added to all wells at a concentration of 0.5μCi per well and 
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incubated at 37°C for 16 hours to allow incorporation into cellular DNA during mitotic cell 

division. Plates were subsequently frozen at -20°C. Plates were defrosted and harvested onto 

glass fibre filters prior to reading using a TopCount Scintillation counter (Perkin Elmer), with 

results displayed as counts per minute (CPM). The results were represented as percentage of 

T cell proliferation in the presence of suppressive cells relative to the control (stimulated T 

cell in absence of suppressive cells).  

2.2.5 T Cell Proliferation by CFSE Labelling 

5-Carboxyfluorescein diacetate succinimidyl ester (CFSE) labelling (eBioscience) was also used 

to assess T cell proliferation. CFSE is known to cross intact cell membranes and once inside 

the cell, intracellular esterases cleave the acetate groups to produce the fluorescent 

carboxyfluorescein molecule, which can be detected via flow cytometry with a peak excitation 

wavelength of 494nm and peak emission of 521nm. 

In order to perform CFSE labelling, T cells were resuspended at a concentration of 8 x 106 per 

ml and washed twice with PBS to remove serum. CFSE was added to a final concentration of 

1µM. The solution was mixed immediately and incubated at room temperature (20°C) in the 

dark for 10 minutes. The reaction was quenched by adding 5 x volume of cold, complete RPMI 

(10% serum). Cells were then washed 3 times in complete media before plating.  

T cells were plated at concentration of 4 x 106 per ml in the presence of anti-CD3 and anti-

CD28 as described above. Proliferation was assessed at 96 hours by harvesting the well and 

examining CFSE intensity via flow cytometry. Unstimulated T cells were used as a positive 

control and unlabelled T cells as a negative control. Proliferation was demonstrated by CFSE 

dilution, with successive halving of the fluorescence intensity of CFSE indicating cell division.  
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For both thymidine incorporation and CFSE assays, where no T cell proliferation occurred in 

control wells, the assay could not be analysed and was therefore removed from the analysis. 

2.2.6 STAT3 Inhibition using a STAT3 Antisense Oligonucleotide 

For T cell and DC experiments examining the function of STAT3, inhibition was achieved with 

the use of an antisense oligonucleotide, AZD9150, obtained from Astrazeneca. T cells were 

plated at a concentration of 2x106 per ml within 6 well plates, with direct addition of the 

antisense oligonucleotide at a concentration of 5µM. This was following initial dose titrations 

as per manufacturer guidance. Cultures were carried out for 48 hours with or without the 

presence of tumour conditioned media. Where necessary a control ASO was added at 

equivalent concentrations, also provided by Astrazeneca. To attempt to enhance uptake, the 

transfection agent Fugene6 was used as per the manufacturer protocol.  

The STAT3 ASO was also added directly to culture with DC on day one of generation, at a 

concentration of 5µM, with or without the presence of TCM. The use of Fugene6 was not 

required or tested within this population.  
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Table 2. 1. Tumour cell lines 

Cell line Origin Tumour Subtype Supplier 

Meso 15 Male 68 years Epithelioid mesothelioma MesobanK UK 

Meso 43 Male 56 years Epithelioid mesothelioma MesobanK UK 

Meso 30 Male 60 years Epithelioid mesothelioma MesobanK UK 

Meso 26 Male 66 years Biphasic mesothelioma MesobanK UK 

Meso 34 Male 53 years Sarcomatoid mesothelioma MesobanK UK 

MSTO-211H Male 62 years Biphasic mesothelioma ATCC 

NCI-H1299 Male 43 years Non-small cell lung cancer ATCC 
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2.3 Flow Cytometry 

Whole blood and tumour tissue were analysed by multi-colour flow cytometry using the Cyan 

flow cytometer (Beckman Coulter). RBC lysis was performed on 500μl of whole blood from 

patients and healthy donors, prior to washing and centrifugation at 500xg for 5 minutes. Cell 

pellets were re-suspended in 500μl FACS buffer. Small aliquots of digested tumour tissue were 

taken from the cell pellet, washed and analysed as per whole blood.  

50μl of diluted cell suspension was added to wells in a 96 well round bottom plate and 

centrifuged at 500xg for 5 minutes. Supernatant was removed by flicking the plate gently into 

the sink. Cell pellets were stained using a panel of antibodies including common myeloid 

surface markers CD14, CD15, CD33, CD11b, CD66b, CD16, HLA-DR and PD-L1, and T cell 

surface markers CD3, CD4 and CD8. In a subgroup of patients, expression of the T cell 

exhaustion markers LAG3, TIM3 and PD-1 were also investigated. The panel of cell surface 

markers used is displayed in table 2.2. Staining was carried out for 30 minutes at 4°C prior to 

washing in 100μl FACS buffer. The stained cell pellets were re-suspended in 200μl FACS buffer 

and transferred to 5ml FACS tubes for acquisition. All flow cytometry was performed 

immediately following staining. Analysis was carried out using FlowJo software.  
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Table 2. 2. Antibodies used within multi-colour flow cytometry  

Target Fluorochrome Clone Host Dilution Manufacturer 

CD14 FITC 61D3 Mouse 1:100 eBioscience 

CD15 Violet 1 H198 Mouse 1:100 eBioscience 

CD33 Pe-Cy5 HIM3-4 Mouse 1:200 eBioscience 

CD11b Pe-Cy7 1CRF44 Mouse 1:400 eBioscience 

CD16 APC-Cy7 CB16 Mouse 1:400 eBioscience 

CD66b APC G10F5 Mouse 1:400 Biolegend 

CD3 APC UCHT1 Mouse 1:100 BD 

CD8 FITC RPAT4 Mouse 1:100 BD 

CD4 PE HIT8a Mouse 1:100 BD 

HLA-DR PE G46-6 Mouse 1:50 BD 

CD45 PE H130 Mouse 1:100 Biolegend 

PD1 PE EH12.2H7 Mouse 1:100 Biolegend 

PDL1 PE 29E.2A3 Mouse 1:100 Biolegend 
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LAG3 FITC 11C3C65 Mouse 1:100 Biolegend 

LOX1 PE 15C4 Mouse 1:100 Biolegend 

CD83 FITC HB15e Mouse 1:100 eBioscience 

CD86 APC IT2.2 Mouse 1:100 Biolegend 

CD80 PE 2D10.4 Mouse 1:100 Biolegend 

CD40 FITC 5C3 Mouse 1:100 Biolegend 

CD54 APC HA58 Mouse 1:100 Biolegend 
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2.4 Molecular Biology 

2.4.1 RNA Extraction and Generation of cDNA 

Following experiments any cells to be preserved for RNA analysis were lysed in RLT lysis buffer  

(Qiagen) with 1% 4.3M β-mercaptoethanol and frozen at -80°C. Upon thawing, the RNEasy 

mini kit (Qiagen) was used to extract RNA following the manufacturer’s instructions. Briefly, 

the lysis solution was mixed with an equal volume of 70% ethanol and placed onto an RNEasy 

spin column. The sample was washed twice using manufacturer provided buffers and the spin 

column dried by a final spin without buffer. RNA was then eluted using purified RNAse- free 

water and quantified using the NanoDrop Fluorospectrometer (Thermo Scientific).  

To generate cDNA, up to 400ng of RNA was added to a reverse transcription reaction using 

the Promega Reverse Transcription System as per the manufacturer’s instructions.  Following 

the initial heating of RNA to 70°C for 10 minutes, RNA was added to the reaction mix (see 

table 2.3) and heated to 42°C for 15 minutes, 95°C for 5 minutes, followed by 4°C for 5 

minutes.  
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Table 2. 3. PCR reagents 

Component  Volume 

MgCl2, 25mM 4μl 

Reverse Transcriptase 
10x buffer 2μl 

dNTP mixture, 10mM 2µl 

RNasin Ribonuclease 
inhibitor  0.5µl 

AMV reverse 
transcriptase 0.5 µl 

OligoDT Primer 1 µl 

Nuclease free water To a total volume of 
20 µl 

 

2.4.2 Quantitative Real Time Polymerase Chain Reaction (RT-qPCR) 

RT-qPCR allows for quantification of gene expression during the PCR through the 

measurement of increasing fluorescence, emitted by an amplified probe. For each reaction, 

10-50ng of cDNA (dependent on the quantity of cDNA obtained in individual experiments) 

was combined with forward and reverse primers of the gene of interest and a PCR master mix 

(SYBR green (Roche) or TaqMan (Invitrogen), dependent on PCR probes used) in a total 

volume of 20μl. For each reaction the house-keeping gene, GAPDH, was also amplified for 

normalisation. Primer sequences or assay ID are documented in table 2.4. Once plated, PCR 

was carried out using the Fast 7500 RT PCR system (Applied Biosystems). Samples were then 
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subjected to heating to 95°C for 20 seconds to activate the polymerase enzyme, followed by 

40 cycles of 95°C for 3 seconds to denature the cDNA and 60°C for 30 seconds for primer 

annealing and elongation. For TaqMan probes an additional first step of 50°C for 2 minutes 

was added for optimal uracil-N glycosylase (UNG) activity. 

Analysis of data was carried out using the 7500 PCR system and further calculated according 

to 2-ΔT method, displayed as units of mRNA of interest relative to GAPDH. 

 

Table 2. 4. Primer sequences  

Gene of Interest Forward primer Reverse Primer Manufacturer 

NOX2 CAAGATGCGTGGAAACTA TCCCTGCTCCCACTAACA Eurofins 

GAPDH CCAGCCGAGCCACATCGCTC ATGAGCCCCAGCCTTCTC Eurofins 

STAT3 Assay ID Hs 00374280_ml  TaqMan 

STAT5 Assay ID Hs00559637_gl  TaqMan 

STAT1 Assay ID Hs01013996_ml  TaqMan 

GAPDH Assay ID Hs02758991_gl  TaqMan 
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2.4.3 Protein Extraction and Electrophoresis 

To enable protein extraction cells were pelleted by centrifugation at 500xg for 5 minutes, and 

all media removed prior to washing with PBS. The pellet was re-suspended in 40μl 1x RIPA 

buffer (ThermoFisher), comprising 25mM Tris HCl pH 7.6, 150mM NaCl, 1% NP-40, 1% sodium 

deoxycholate, 0.1% SDS. PhosStop phosphatase inhibitors (Roche) and a protease inhibitor 

cocktail (Sigma) were added to RIPA buffer prior to cell lysis. Cells were vortexed and placed 

on ice for 20minutes, with a further vortex at 10 minutes. Cells were then centrifuged for 30 

minutes at 14,000xg. Supernatants were removed and transferred to clean Eppendorfs and 

pellets discarded.  Protein quantities were determined using the Bradford method using 

Coomassie Protein Assay Reagent (Pierce). Protein quantities were determined by 

comparison to the colour response of bovine serum albumin (BSA) dilutions as a protein assay 

standard.  

20μg of protein was then diluted with 4xLamellli Buffer (Bio-Rad), which comprised 62.5 mM 

Tris-HCl, pH 6.8, 10% glycerol, 1% LDS, 0.005% Bromophenol Blue, to produce a total volume 

of 25μl. Samples were heated to 95°C for 5 minutes to denature proteins.  

Samples were loaded into wells of a precast Criterion™ TGX™ gel alongside a protein ladder 

(ThermoScientific) to allow accurate determination of protein size. A 25Mm Tris, 192mM 

glycine, 0.1% SDS buffer (pH 8.3) was used to perform electrophoresis. Gels were run at 100V 

until protein aliquots entered the gel, then 150V for approximately 60 minutes, or until 

complete protein separation was achieved.  
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2.4.4 Western Blotting  

Following gel electrophoresis proteins were transferred using the Trans-Blot Turbo transfer 

system (Bio-Rad). Trans-Blot Turbo polyvinylidene difluoride (PVDF) membrane packs, 

containing buffer-saturated ion reservoir stacks and a pre-wetted PVDF membrane, were 

used to perform the transfer using a pre-determined protocol of 7 minutes at 1.3A, 25V.  

Following protein transfer, membranes were blocked in PBS/1% Tween (Sigma) (PBS-T) with 

5% Bovine Serum Albumin (BSA) for 1 hour at room temperature to prevent non-specific 

binding of antibodies. Incubation with primary antibody was then performed overnight at 4°C 

(see table 2.5 for specific antibodies and dilutions). Following overnight protein detection, 

blots underwent 3 x 15-minute washes in PBS-T, prior to the addition of a secondary antibody 

for 1 hour. Appropriately matched secondary antibodies were conjugated to horseradish 

peroxidise (HRP) for chemiluminescent detection.  Blots underwent a further 3 washes in PBS-

T prior to examination for protein detection using Clarity ECL substrate (Bio-Rad), which 

catalyses a reaction between HRP and Luminol to release light.  Luminescence was then 

detected by exposure to Xray film.  
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Table 2. 5. Antibodies used within western blot 

Protein Target Molecular Weight Source Manufacturer 

STAT3  79.86 kDa Rabbit  Cell Signalling 

Phospho-STAT3 

(Tyr705) 

79.86 kDa Rabbit Cell Signalling 

STAT5 90 kDa Rabbit Cell Signalling 

β-Actin 45 kDa Rabbit Cell Signalling 

 

2.5 Enzyme Linked Immunosorbent Assay (ELISA) 

2.5.1 Standard Sandwich ELISA Techniques 

For the detection of cytokines in human plasma and released during cell culture experiments 

ELISAs were commonly performed. Specific ELISA detection plates (Corning) were pre-coated 

with primary capture antibody diluted in carbonate coating buffer, pH 9.5 (Biolegend) and 

incubated over night at 4°C. The following day, the capture antibody was removed by flicking 

the plate into the sink and plates were washed 4 times with PBS/0.05% Tween, prior to 

blocking in PBS/0.05% Tween/10%FBS for a minimum of 2 hours at room temperature. Plates 

were washed again 3 times with PBS/0.05% Tween, followed by blotting against paper towels 

to remove residual wash buffer. Standards were added at reducing concentrations, as per 

manufacturer directions, and samples were added in 25μl volumes. The plate was sealed and 

incubated at 4°C overnight. Plates were washed a further 4 times in PBS/0.05% Tween, with 



Chapter 2 Methods 

 

79 

 

blotting on paper towels to remove excess, prior to the addition of the appropriate biotin 

labelled detection antibody for 1 hour at room temperature. Washing was repeated prior to 

adding the Avidin-HRP conjugate for 30 minutes at room temperature. Plates were protected 

from light from this point. A final 4 PBS/0.05% Tween washes were performed prior to adding 

tetramethylbenzidine (TMB) substrate to observe colour development. Once colour 

development was optimal, the reaction was stopped by the addition of TMB stop solution. 

Optical density was read using a micro-plate reader (Bio-Rad) at 450nm. Concentrations were 

calculated following the construction of a standard curve using the plated standards. Where 

sample concentration fell below the standard curve, results were deemed to be negative, if 

above, these samples were excluded from the analysis or re-tested with dilution of the 

primary sample.  

 

2.6 Quantification of ROS Production via Amplex Red Assay 

During patient sample collection and CD15+ cell polarisation experiments the production of 

reactive oxygen species was determined using the 2’, 7’– dichlorofluorescein diacetate 

(DCFDA) cellular ROS detection assay kit (Abcam). CD15+ cells were incubated with 2.5μM 

DCFDA for 30 minutes at 37oC followed by removal of any residual dye. The presence of ROS 

within cells is detected by the oxidation of DCFDA by ROS into the highly fluorescent 

compound 2’, 7’ –dichlorofluorescein (DCF). TCM polarized cells were also incubated with 

30ng/ml Phorbol 12-myristate 13-acetate (PMA) during the staining with DCFDA as a positive 

control.  
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The stained cells were analysed on the Cyan flow cytometer (Beckman Coulter) through 

detection of a FITC signal, with excitation and emission at 495nm and 529nm, respectively.  

Quantification of H2O2 production in polarised CD15+ cells was measured using the Amplex 

Red Hydrogen Peroxidase assay kit (Invitrogen). Following culture in TCM for 24 hours, cells 

were washed twice in RPMI, counted and plated in Krebs–Ringer phosphate buffer. A second 

plate was prepared containing 100μl per well of reaction mixture (50 µM Amplex® Red 

reagent and 0.1 U/mL HRP in Krebs–Ringer phosphate) and pre-warmed at 37°C for 10 

minutes. The reaction mixture was plated both with and without PMA. 20μl of cells were then 

added to each well and warmed for 10 minutes. A H202 standard curve was used to allow 

quantification. Detection of H2O2 was carried out using a microplate reader detecting 

absorbance at 560nm. 

 

2.7 Immunohistochemistry 

Mesothelioma sections were obtained from diagnostic tumour biopsies and slides were 

prepared and provided by the hospital pathology department. Slides were deparaffinised by 

placing into Histoclear (National diagnostics) for 5 minutes, followed by ethanol for 5 minutes. 

They were then rehydrated by washing with water. Endogenous peroxide block was 

performed using 0.3% hydrogen peroxide for 15 minutes. Slides were then washed again in 

water. Antigen retrieval was performed in 10 mM sodium citrate buffer (pH 6.0). Slides were 

placed in a pre-heated buffer and further heated for 20 minutes in a microwave oven. Slides 

were cooled for 15 minutes and washed in running tap water for 2 minutes. Protein blocking 

in 5X Caesin (ThermoFisher) was carried out for 30 minutes at room temperature. Sections 
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were then incubated over night with primary antibody, rabbit anti-GM-CSF (Novus 

Biologicals), diluted in PBS at a concentration of 1:200. The following day sections were 

washed three times in Tris-buffered saline/0.1% Tween 20 (TBS-T), each for 5 minutes. 

Secondary antibody (Universal ImmPRESS antibody, Vector Laboratories) was added at room 

temperature for 30 minutes as per the manufacturer’s instructions. Three further washes of 

5 minutes with TBS-T were performed, followed by the addition of DAB substrate (ImmPACT 

DAB, Vector Laboratories) for 5 minutes. Slides were washed in running water for 5 minutes, 

then counterstained with Harris haematoxylin (Sigma) for 1 minute, prior to washing in warm 

water for 5 minutes. Slides were dehydrated using ethanol and Histoclear and mounted using 

Omnimount (National diagnostics). Following drying, slides were examined and 

photographed using a Nikon Eclipse 400 microscope. 

 

2.8 Statistical Analysis 

Statistical analysis was carried out with the advice of a university statistician. Analysis was 

performed using the PRISM 6.0 software programme (GraphPad). For the initial interrogation 

of data, histograms were performed to assess for normality. Normality testing was also 

carried out using the D’Agostino and Pearson omnibus normality test within the GraphPad 

programme. Where data was found to be non-normal in distribution non-parametric tests 

were applied. For most data, comparisons between two groups were therefore analysed using 

a non-parametric Mann Whitney U test. Median values are demonstrated within figures as a 

better representative of central tendency, when data is not normally distributed. Where 

multiple variables were analysed, analysis of variance (ANOVA) was carried out, with post-
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test correction. The exact method of correction was dependent on the primary test applied. 

Specific tests for individual experiments are reported within each figure legend.  
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Chapter 3: The Immune Microenvironment in Mesothelioma 

 

3.1 Introduction 

As discussed in depth within the introduction, the treatment of mesothelioma has fallen 

behind many other solid tumours during the past 2 decades. There has been little 

improvement in survival outcomes over this period and prognosis remains poor, with average 

survival between 12 and 18 months and less than 5% living beyond 5 years (320,321). This 

limited clinical progress is consistent with the fact that treatment has remained unaltered 

since the 2003 phase III trial comparing pemetrexed and cisplatin, to cisplatin alone. 

Combination treatment extended survival by 2.8 months and this was established as the gold 

standard medical treatment  for mesothelioma (111). Although a modest benefit, this has 

been the largest increase in survival outcomes seen in almost 15 years of clinical trials. The 

VEGF antibody, Bevacizumab, is the only drug during this period to have demonstrated 

significant overall survival advantages, with a similar survival benefit of 2.7 months (112); 

however, it has not been adopted into routine clinical practice in the UK. The poor 

development in the field of mesothelioma is further emphasized by the significant 

incremental improvements seen in cancers such as NSCLC and melanoma, brought about 

through the introduction of targeted therapies (322-324) and checkpoint inhibitors (143,301).  

Results from early phase trials examining the efficacy of check-point inhibitors have shown 

evidence of prolonged survival, with CTLA-4 inhibition alone (136,325), and in combination 

with PD-1 blockade (139,326). Trials in progress include a phase III trial comparing check point 

inhibition to current standard of care (ClinicalTrials.gov Identifier: NCT02899299). A further 
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area being explored extensively in mesothelioma is the engineering of T cell activity through 

vaccines or by chimeric antigen (CAR) T cell therapy. Targets being explored include 

mesothelin (327), fibroblast activation protein (FAP) (328), ErbB (329), Wilms Tumour 1 

peptide (WT-1) (330), and PD-1 (331). This area is of particular interest due to previous data 

suggesting that increased neutrophil-to-lymphocyte ratios confer poor prognosis in MPM, 

highlighting probable T cell dysfunction (185,332). These findings are supported by a recent 

study examining immune cell infiltrates in a large sample of 302 mesothelioma tumours. 

Authors concluded that the presence of a lower number of NP57+ neutrophils and FOXP3+ 

Tregs, and increased numbers of CD4+ infiltrating T cells, were all factors independently 

associated with improved survival (183). Similar observations in surgical patients, following 

resection for mesothelioma, suggest that increased numbers of tumour infiltrating CD8+ T 

cells predict improved clinical outcomes (184). These studies imply that the presence of both 

an appropriate number of T cells and an environment permitting T cell function are vitally 

important for an effective immune response against tumour cells. 

In addition to the prognostic effects of altered immune profiles, mesothelioma has also been 

shown to induce populations of myeloid cells with altered functional abilities. Monocytes 

derived from mesothelioma patients were shown to be incapable of appropriate antigen 

processing and differentiation (199), in addition to being directed towards TAM 

differentiation by factors released by mesothelioma including CCL2 and M-CSF (333,334). 

Tumour associated neutrophils have also been implicated in the pathogenesis of murine 

mesothelioma, with a pro-tumoural “N2” phenotype being induced by TGF-β (335). N2 

neutrophil numbers were shown to increase within tumour tissues as their pro-tumour 

phenotype develops, with reduction in cytotoxic properties due to reduced TNF-α and H2O2 
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production. However, a mixed picture of cytokine release was detected, with both IL-10 and 

IL-12 up-regulated. Interestingly, early neutrophil depletion from murine mesothelioma 

tumour models had no effect on tumour growth, yet depletion of N2 neutrophils slowed 

growth dramatically, demonstrating their propensity to develop a pro-tumoural effect (245). 

Highlighted by these studies is the plasticity that neutrophils demonstrate within a tumour 

environment and the possibility of sub-populations of tumour-induced neutrophils. Available 

data within this area has been obtained within murine studies, therefore the distinction 

between tumour induced neutrophils and granulocytic MDSC in human subjects is of interest. 

There are no current surface markers which clearly differentiate TAN from MDSC; however, 

Fridlender et al recently demonstrated through transcriptomics that normal neutrophils, TAN 

and G-MDSC display differing mRNA profiles (336). Variations in gene expression related to 

cytotoxic function, mobilisation, cytokine and chemokine production, and antigen 

presentation were all demonstrated (336).  

The presence of dysfunctioning myeloid populations and immunosuppressive cells is likely to 

impact on the ability of tumours to achieve robust responses to immunotherapy treatments. 

This can be highlighted by the demonstration that tumour vaccination using  a PD-1 DNA 

based vaccine led to a reduction in circulating MDSC and enhanced the function of antigen 

specific CD8+ T cells (331,337).  The mechanism leading to an enhanced CD8+ population and 

associated reduction in MDSC was not elucidated, but the findings demonstrate the complex 

interaction between systemic and tumour residing immune populations in cancer. Through 

targeting of both sides of this double-edged sword, the success of cancer immunotherapy 

may be enhanced. 
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In view of this breadth of somewhat conflicting data regarding the effect of myeloid 

populations in mesothelioma, we sought to further assess the presence of 

immunosuppressive populations in human subjects, with a particular focus on immune-

suppressive granulocytes which have received less focus to date. We proposed to identify the 

predominant tumour induced myeloid populations and to determine their phenotype, 

function and possible mechanisms of immune suppression utilised in mesothelioma.  

 

 

3.2 Results 

3.2.1 Mesothelioma patients 

Between August 2014 and September 2017 patients undergoing diagnostic biopsy or 

definitive surgery for mesothelioma were consented to take part in this study. Patients were 

recruited from 2 collaborating sites, Heartlands Hospital, Birmingham, and Glenfield Hospital, 

Leicester. Of the patients undergoing diagnostic biopsy, 15 of the 49 enrolled patients were 

later confirmed to have mesothelioma. All 7 patients undergoing resection had a prior 

confirmed histological diagnosis of mesothelioma. All patients with no histological diagnosis 

of mesothelioma were excluded from the analysis.  From each enrolled patient 40ml of blood 

was collected, alongside a tumour specimen where possible. For 1 patient, a tumour 

specimen was collected without a matched blood sample due to difficulties with 

venepuncture. The median age of this cohort of patients was 71, ranging from 61-83 years 

and 86.4% were male. 20 patients (90.9%) had a histological diagnosis of epithelioid 

mesothelioma, 1 (4.5%) biphasic and 1 (4.5%) sarcomatoid. All patients were diagnosed with 



Chapter 3 Results 

 

87 

 

pleural mesothelioma. Of those undergoing diagnostic biopsies, all were treatment naive. 

Two patients (9.1%) had undergone neo-adjuvant chemotherapy prior to surgical resection. 

A summary of patient characteristics is found in table 3.2.  

3.2.2 Healthy samples 

Healthy donor blood samples were collected in order to provide comparators to blood 

samples from patients with mesothelioma. No “healthy” tissue could be obtained as patients 

with a negative diagnosis for mesothelioma were invariably diagnosed with other pleural 

conditions such as pleural plaque or pleural infections. Healthy volunteers were recruited 

from the University of Birmingham. Median age was 33 (range 33-69), with 57.1% male and 

42.9% female.  

Table 3. 1. Healthy Donor Characteristics 

Healthy donor characteristics (n=18) 

Variable n (%) 

Age 
 

Median (range) 33(27-69) 

Sex 
 

Male 8 (57.1) 

Female 6 (42.9) 
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Table 3. 2. Patient Characteristics 

Patient characteristics (n=22) 

Variable n (%) 

Age 
 

Median (range) 71 (61-83) 

Sex 
 

Male 19 (86.4) 

Female 3 (13.6) 

Histology 
 

Epithelioid 20(90.9) 

Biphasic 1 (4.6) 

Desmoplastic 0 

Sarcomatoid 1 (4.6) 

Unknown 0 

Site of primary disease 
 

Pleural 22 (100) 

Peritoneal 0 

Prior debulking surgery 0 

Neoadjuvant chemotherapy 2 (9.1) 

Prior immunotherapy* 0 
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3.2.3 Detection of abnormal frequencies of lymphocytes and myeloid cells in 

patients with mesothelioma  

A primary aim for this study was to determine whether there was a variation in the frequency 

and characteristics of circulating myeloid cells in patients with mesothelioma and to 

determine whether these populations could act to suppress T cell function and proliferation. 

Staining of whole blood revealed that mesothelioma patients consistently displayed reduced 

percentages of circulating T cells when compared with healthy controls. In patients, mean 

frequencies of CD3+ lymphocytes, CD4+ lymphocytes and CD8+ lymphocytes were 14%, 

16.3% and 12.8%, respectively, compared with 29%, 24.3% and 24.4% in healthy comparators. 

These findings were highly significant. Statistical analysis of the differences in whole blood 

cell frequency was performed using a Mann Whitney non-parametric T test (Figure 3.1, A-C). 

When examining the function of patient T cells, they were found to have reduced proliferative 

capacity when compared to healthy controls (Figure 3.1, D).  
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Figure 3. 1 Flow cytometry analysis of whole blood compared to healthy controls 

(A-C) Flow cytometry analysis of whole blood from patients with mesothelioma demonstrating T cell 
surface expression of CD3 (n=16), CD4 (n =14) and CD8 (n=14). Comparative staining was carried out 
in healthy controls (n=14). Percentage of positive cells within the total leucocyte gate is demonstrated, 
median percentage is indicated by horizontal lines. (D) Patient (n=8) and healthy (n=8) CD3+ T cells 
were purified and stimulated with anti-CD3 and anti-CD28 for 4 days. T cell proliferation was 
determined by thymidine incorporation over 16 hours. Counts per minute (cpm) is proportional to the 
number of proliferating cells. Statistical analysis has been carried out using a Mann Whitney, non-
parametric U test.   
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Analysis of whole blood myeloid cells was carried out using a pre-determined gating strategy, 

demonstrated in Figure 3.2 A and B. Consistent with the reduction in T cell frequency, we 

detected increased percentages of both CD11b+CD14+ monocytes and CD11b+CD15+ 

granulocytes in whole blood of patients with mesothelioma. These differences again were 

significant, with average percentages of 5.7% and 50.8% for patient monocytes and 

granulocytes, respectively, compared to 2.4% and 36.5% in healthy subjects (Figure 3.3, A, B), 

(analysed by Mann Whitney non-parametric U test). As a result of these alterations of 

granulocyte percentages, patients demonstrated increased neutrophil lymphocyte ratios 

(NLR). Increases in NLR have previously been detected in patients with mesothelioma, along 

with other cancers, and these changes have been associated with both increased stage of 

disease and poor prognosis (185,186). Patient populations demonstrated ratios of up to 5 

times that of healthy donors, with the average ratio of 6.2 compared to 1.5 in healthy 

comparators (p=0.0003) (Figure 3.3, C).  
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Figure 3. 2. Flow cytometry gating strategy. 

(A) Flow cytometry was used to analyse blood and tumour samples. Cells were gated using 
morphology by forward scatter (FSC) and side scatter (SCC). Dead cells were excluded using the live 
dead stain Hoechst. (B, C) Cell phenotype was determined using a panel of cell surface markers 
including CD14, CD15, CD11b and HLA-DR. Representative samples from one healthy donor and one 
patient sample are shown.   
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Figure 3. 3. Myeloid populations in mesothelioma patients compared to healthy controls 

Whole blood was subjected to surface marker analysis by flow cytometry. Mesothelioma patients 
(n=21) were analysed alongside healthy controls (n=18). Percentage frequency of the surface markers 
CD14+ (A) and CD15+ (B) were detected on CD11b+ cells. (C) The Neutrophil Lymphocyte Ratio (NLR) 
was calculated using frequencies of CD15+ and CD3+ lymphocytes in patient (n=16) and healthy (n=12) 
samples. Horizontal lines represent median values. Statistical analysis has been carried out using a 
Mann Whitney, non-parametric U test. 
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In view of the detection of abnormal frequencies of myeloid cells in patients with 

mesothelioma, we wished to investigate whether they could be representing myeloid derived 

suppressor cells (MDSC). MDSC of both granulocytic and monocytic lineage are classically 

defined as being low density cells, which reside in the mononuclear cell layer following 

gradient separation using Ficoll or Lymphoprep™. Phenotypically there is still much debate on 

their preferred classification due to the fact there are no definitive markers. However, MDSC 

are classically HLA-DR (class II MHC) low or negative (250), therefore low surface HLA-DR 

expression was used to define MDSC in this setting. Following gradient separation of blood 

samples, cells were isolated from the low-density interface (“PBMC ring”) between 

Lymphoprep™ and plasma, prior to analysis by flow cytometry.   

Within the PBMC ring the percentage of detected CD11b+CD15+ cells was higher in patients 

compared to healthy controls however, the CD11b+CD14+ population did not differ. 

Percentages of low density CD11b+CD15+ cells were variable between patients, with a range 

of 2.8% to 24.9%, compared with 0.6% to 10.3% in healthy donors (p=0.0011) (Figure 3.4, A, 

B). When comparing HLA-DR expression within the PBMC ring there was no significant 

difference between patients and healthy controls in the monocytic sub-group. Patient 

granulocytes in the PBMC layer showed lower expression, p=0.0384 (Figure 3.4, C, D). In view 

of the non-significant difference in numbers of PBMC monocytes and lack of differential HLA-

DR expression between patient and healthy monocytes,  the HLA-DR expression of monocytic 

cells in whole blood was analysed, to ensure that expression was not being altered by the 

process of gradient separation. Again, no significant difference in monocyte HLA-DR 

expression was detected (Figure 3.4, E); this population was therefore not classified as classic 

monocytic-MDSC. The expression of HLA-DR in the whole blood granulocytic population again 
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showed lower HLA-DR expression than healthy granulocytes, but this did not reach 

significance, p=0.0512 (Figure 3.4, F).  

As no significant differences in monocyte phenotype were detected, further investigation was 

focussed on granulocytes. To investigate both high and low density granulocyte populations 

further, additional markers associated with neutrophil maturation were examined including 

CD11b, CD16 and CD66b. Expression of CD11b and CD66b on granulocytes is associated with 

activation, with both acting as adhesion molecules to allow neutrophil migration into sites of 

inflammation, therefore a reduction may indicate a loss of neutrophil activity. In contrast, 

prior research has associated the marked loss of CD16 expression with states of acute 

inflammation and premature bone marrow release (338), in addition to granulocyte 

activation (235,339).  

When these markers were examined in mesothelioma patient samples, greater variability in 

surface marker expression was seen in granulocytes from patient whole blood, compared 

with healthy controls, although no significant differences between the two groups were 

observed. Low density granulocytes showed lower intensity of expression of CD11b, CDD16 

and CD66b; however, these differences were non-significant (Figure 3.5, A, B).   

Overall, these findings indicated that there was a profoundly altered inflammatory profile in 

patients with mesothelioma, with reduced T cell frequency and a predominant abnormal 

population of granulocytes, representing an average of 50.8% of circulating lymphocytes. 
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Figure 3. 4. Flow cytometry analysis of myeloid cells within the PBMC layer and whole blood 

Gradient separation of whole blood allowed isolation of low density cells within the PBMC layer. 
Patient (n=14) and healthy (n=10) samples were analysed. (A, B) Flow cytometry analysis of cell surface 
markers demonstrated frequencies of CD14+CD11b+ monocytic cells and CD15+CD11b+ granulocytes. 
(C, D) Surface expression of HLA-DR on CD14+CD11b+ and CD15+CD11b+ populations extracted from 
the PBMC ring are shown. (E, F) Whole blood analysis of HLA-DR expression on CD14+ and CD15+ 
populations was also performed in patient (n=15) and healthy (n=15) samples. Horizontal line 
represents median frequency. Statistical analysis was carried out using the Mann Whitney non-
parametric U test. 
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Figure 3. 5. Surface marker expression profiles on granulocytes 

Further analysis of granulocyte surface marker expression was carried out by flow cytometry.  
Differential expression of CD15 and CD11b (A), and CD66b and CD16 (B) were analysed on healthy 
(n=5) and patient (n=7) whole blood samples and patient PBMC (n=7). Surface expression is 
represented as geometric mean with horizontal line demonstrating median expression. Statistical 
analysis of differences between groups was carried out using the Kruskal-Wallis ANOVA, with Dunn’s 
correction for multiple comparisons. No statistically significant differences were observed. 
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3.2.4 Detection of tumour infiltrating lymphocytes  

Following classification of myeloid cells and lymphocytes within the blood of mesothelioma 

patients, we wished to assess the presence of tumour infiltrating immune cells. Following 

digestion of fresh tissue samples, cells were stained by flow cytometry using the cell surface 

marker panel described for blood. In addition, to corroborate our findings 38 mesothelioma 

tissue sections were stained by IHC, for the presence of tumour infiltrating myeloid cells.  

Digested tumour tissue was investigated for the presence of infiltrating CD14+ monocytes, 

CD15+ granulocytes and CD3+ T cells. All 3 subgroups were found within mesothelioma 

tumour tissues. Displayed as a percentage of live cells following tumour digestion, CD3+ 

lymphocytes were the most predominant population (average 20.7%), with an average of 

8.8% of CD15+ granulocytes and 3.9% CD14+ monocytes (Figure 3.6, A). In a small population 

of tumour samples, more detailed analysis of tumour infiltrating myeloid cells was carried 

out, to allow comparison with circulating cells within whole blood. This revealed numbers of 

HLA-DR negative tumour infiltrating myeloid cells were reduced in monocytic and 

granulocytic populations (Figure 3.6 A, B).  

The presence of immune check point markers was also investigated within tumour infiltrating 

lymphocytes. The relationship between immunosuppressive cells including DC, TAM, TAN and 

MDSC and checkpoint activation in T cells has been widely studied, producing evidence that 

immunosuppressive populations utilise this mechanism to reduce T cell immune responses 

(212). Obermajer and colleagues  demonstrated that PD-L1 expression was enhanced on a 

population of immature DC, and MDSC have also been shown to the enhanced PD-L1 

expression on pancreatic tumour cells, leading to PD-1:PD-L1 signalling  and T cell inhibition 

(340). In view of the limited information on PD-L1 status and function in myeloid populations 
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in mesothelioma, this was included an additional aspect of phenotype analysis. In circulating 

and tumour residing myeloid cells the expression of PD-L1 was greater on CD14+ populations 

than CD15+. Median expression on circulating cells was 16.8% on CD14+ and 7.8% on CD15+. 

Upon tumour residing myeloid cells median expression was 35.3% and 10.1%, respectively. 

Healthy populations showed median PD-L1 expression of 25.4% on CD14+ populations and 

12.9% on CD15+ granulocytes (Figure 3.6 C, D). Although lower PD-L1 expression was 

observed in circulating populations, there were no significant differences between healthy 

controls, patient circulating myeloid cells or tumour infiltrating myeloid cells. In contrast, 

striking differences were observed in the expression of PD-1 on tumour infiltrating CD3+ T 

cells, with PD-1 expression within the tumour up to 5 times higher than that of peripheral T 

cells (Figure 3.6, E). This finding was statistically significant with a p value of <0.05 (analysis 

performed using the Kruskal-Wallis test, with correction using Dunn’s multiple comparisons). 

This finding may imply that T cells within the tumour microenvironment are reaching a state 

of exhaustion, with signalling via PD-L1 on myeloid populations or tumour cells, leading to 

inactivation and dysfunction.  

To further confirm the finding of tumour infiltrating myeloid cells, 38 human mesothelioma 

tumour sections were analysed by immunohistochemistry. Sections were stained to detect 

CD15-positive, infiltrating myeloid cells, within a clinical laboratory at Heartlands Hospital. 

The degree of CD15 positive staining varied between patients. There was also marked intra-

tumoural variation in the distribution of CD15 positive cells. Sections were reviewed with the 

assistance of a Consultant Histopathologist to confirm the findings. The density and 

distribution of positive cells was assessed, and staining was classified into categories as 

abundant, moderate or sparse. Categorisation was based on numbers of cells within 5 high 



Chapter 3 Results 

 

100 

 

power fields. Abundant staining was represented by greater than 25 cells, moderate between 

10 and 25 and sparse, less than 10.  A representation of sections within each staining category 

is demonstrated in Figure 3.7, A. Overall, 35 sections could be assessed, of these 5 showed 

abundant staining, 13 stained moderately and 17 stained sparsely (Figure 3.7, B). Figure 3.7, 

C, demonstrates sections of epithelioid mesothelioma at high magnification. Within these 

images, CD15 positive migratory cells are observed. The presence of polylobated nuclei 

support neutrophil morphology.  
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Figure 3. 6. Tumour infiltrating immune cells in mesothelioma. 

Analysis of tumour infiltrating immune cells was carried out by flow cytometry. (A) Following tumour 
tissue digestion, surface marker expression of CD14, CD15 and CD3 was assessed on CD45+ cells. 
(B)Expression of HLA-DR was assessed on a subset of samples (n=6), with comparison of expression 
between blood and tumour specimens carried out. (C, D) PD-L1 surface expression was assessed on a 
subgroup of CD14 and CD15 positive cells (n=6).(E) PD-1 surface expression was assessed on CD3+ 
cells (n=6). Horizontal lines represent median values. Statistical analysis between 2 groups was carried 
out using the Mann Whitney non-parametric U test. The Kruskal-Wallis test was used to compare 
multiple groups, with Dunn’s post-test correction.   
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Figure 3. 7. Tumour infiltrating granulocytes demonstrated by IHC 

Immunohistochemical staining was carried out on 38 mesothelioma tumour samples to detect 
infiltrating CD15+ cells. (A) Brown cytoplasmic and membranous staining shows CD15 positive cells. 
Staining was detected within tumour stroma and tumour tissue. Samples were reviewed and staining 
classified as abundant (top 2 images), moderate (middle 2 images) or sparse (bottom 2 images). 
Images taken at 10x magnification. (B) Following quantification staining was sparse in 17 specimens, 
moderate in 13 and abundant in 5. (C) High power magnification views of epithelioid malignant 
mesothelioma depicting small numbers of individually disposed CD15-positive migratory cells, mostly 
occupying the interstitium. These possess polylobated nuclei stained in negative relief, contrasted 
against brown cytoplasmic & membranous immunoperoxidase positivity, supportive of neutrophil 
polymorphs. Images taken at 40x magnification.   
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3.2.5 Granulocytes from mesothelioma patients release reactive oxygen species  

In the first part of this chapter increased frequencies of circulating granulocytic cells were 

detected in patients with mesothelioma, with resultant increased NLR, in addition to evidence 

of tumour infiltrating granulocytes. We therefore wished to assess whether these populations 

of CD15+ granulocytes were functionally diverse when compared to CD15+ granulocytes from 

healthy controls, and to determine whether this abnormal population was capable of 

impairing T cell function.  

Granulocytes have previously been shown to lead to T cell dysfunction through multiple 

mechanisms including enhanced arginase activity (244,341), release of immunosuppressive 

cytokines (234) and the release of reactive nitrogen and oxygen species (239). Our primary 

investigation was therefore focussed on these established mechanisms. Granulocytes were 

harvested from the surface of the red blood cell pellet following centrifugation and purified 

using magnetic bead isolation. Between 10 and 20 x106granulocytes were isolated from each 

50ml sample. During counting viability was assessed and further experiments carried out if 

viability was over 80%. For analysis by PCR, 10x106 granulocytes were used for RNA extraction. 

Through qPCR the activity of arginase I and iNOS in patient granulocytes was investigated. No 

significant differences in iNOS or arginase I expression were detected when comparing patient 

granulocytes to healthy equivalents (Figure 3.8, A). Following granulocyte isolation, the 

capacity to release ROS was assessed using the Amplex Red Hydrogen Peroxide Assay, which 

enables detection and quantification of hydrogen peroxide (H2O2) release. Isolated cells were 

counted to assess viability and 1.5x104 plated per well. Granulocytes isolated from 

mesothelioma patients produced significantly higher concentrations of H2O2 when compared 

to granulocytes obtained from healthy donors (Figure 3.8, B).  This data was subsequently 
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extended through collaboration with a research group within the National Institute of Health 

(NIH), USA, and can be reviewed in a collaborative publication (342). 

To confirm that ROS production by granulocytes could be stimulated by mesothelioma 

tumours, in-vitro experiments were carried out using tumour conditioned media derived from 

patient tumour specimens and mesothelioma cell lines. Purified healthy CD15+ granulocytes 

were cultured in the presence of 25% tumour supernatant for 24 hours, with a control 

population cultured in the presence of complete RPMI alone. The production of ROS was then 

assessed by flow cytometry using H2DCFDA. This compound is capable of intracellular ROS 

detection due to conversion of non-fluorescent H2DCFDA to highly fluorescent DCF upon 

cleavage of acetate groups by oxidation. Following culture in the presence of tumour derived 

supernatants, enhanced ROS production was detected by flow cytometry, when compared to 

unexposed granulocytes (Figure 3.8 C, D). To confirm ROS production, further experiments 

were carried out to quantify the release of H2O2 species released in culture using the Amplex 

Red Hydrogen Peroxide Assay. Cell line and tumour supernatants led to enhanced detection 

of H2O2 in culture (Figure 3.8, E).  

The mechanism resulting in enhanced ROS production was explored through investigation of 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity, known to be the 

enzyme responsible for mediating ROS production within granulocytes. Upon activation, 

NADPH catalyses the production of the superoxide anion (O-
2) within granulocytes, leading to 

formation of reactive oxygen species (343). The NADPH enzyme is made up of 2 

transmembrane components, p22phox and gp91phox/NOX2, along with three cytosolic 

proteins and a GTPase (344). Up-regulation of all components can be used to study the status 

of NADPH activity therefore, the activity of the transmembrane component NOX2 was 
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examined by qPCR. Consistent with this mechanism, up regulation of NOX2, in conjunction 

with ROS production, was seen in neutrophils cultured in the presence of mesothelioma cell 

line supernatants. One representative experiment including cells treated with 3 different 

mesothelioma supernatants is shown (Figure 3.8, F).  
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Figure 3. 8. Granulocyte expression of immune mediators Arginine I, iNOS and reactive oxygen 
species (ROS).  

(A) qPCR was carried out on granulocytes extracted from mesothelioma patients (n= 10) and healthy controls 
(n=10) to determine mRNA expression of Arginase I and iNOS. ∆Ct values demonstrate expression relative to 
internal housekeeping control. (B) Freshly isolated granulocytes from mesothelioma patients (n=3) and healthy 
controls (n=3) were tested for baseline release of hydrogen peroxide (H2O2) using the Amplex® Red Assay, pre- 
and post-PMA stimulation. Statistical analysis was carried out using an unpaired t-test. (C) Healthy granulocytes 
were exposed to supernatants conditioned with 3 mesothelioma tumour cell lines and tumour from 3 donors. 
ROS were detected at 24 hours through flow cytometry by DCFDA oxidation. Healthy granulocytes cultured in 
RPMI 10% were used as control. (D) Healthy granulocytes were exposed to supernatants conditioned by tumour 
from 6 donors. The geometric mean of DCFDA oxidation, detected at 24 hours through flow cytometry, shows 
an increase in ROS in TCM exposed cells. Healthy granulocytes cultured in RPMI 10% were used as control. (E) 
ROS production was quantified through the measurement of H2O2 within the Amplex® Red Assay. (F) 
Granulocytes were extracted from cultures at serial timepoints for assessment of NADPH enzyme activity, 
determined by NOX2 detection. NOX2 expression is expressed as fold change relative to RPMI control. 1 of 3 
replicate experiments displayed.  

Patient Healthy Patient Healthy
0

20

40

60

80

 Arginase I                            iNOS

p=0.384 p=0.371


C
t

No PMA 30ng/ml PMA No PMA 30ng/ml PMA
0

10

20

30

40

 Healthy Controls              Mesothelioma

p = 0.0183

H
2
0

2
(

M
)

RPMI              
MSTO211-H
MESO 15
MESO 43

RPMI              
Tumour 1
Tumour 2
Tumour 3

Cell lines Primary Tumour Cells

DCFDA

C
o

u
n

t

0

20

40

60

80

100 RPMI 10%

Tumour 1

Tumour 2

Tumour 3

Tumour 4

Tumour 5

Tumour 6

DCFDA positivity

G
e

o
m

e
tr

ic
 m

e
a

n

RPMI MSTO 15 43 T1 T2 T3 T4 T5 T6 T7
0

2

4

6

8

Cell line              Primary Tumour

H
2
0

2
(

M
)

4 hours 8 hours 12 hours 24 hours
0

1

2

3

4

20

40

60

RPMI 10%

MSTO211-H

MESO 15

MESO 43

F
o

ld
 c

h
a

n
g

e
 r

e
la

ti
v

e

 t
o

 c
o

n
tr

o
l 

(N
O

X
2

)

A B 

D 
C 

E F 



Chapter 3 Results 

 

107 

 

3.2.6 Granulocytes from patients with mesothelioma are suppressive to T cell 

function 

Following demonstration of enhanced ROS production in granulocytes exposed to 

mesothelioma, their ability to impair T cell function was assessed. Granulocytes were isolated 

from blood obtained from mesothelioma patients and healthy donors as described above. 

CD15+ populations were also extracted from digested tumour specimens. Due to the 

composition of digested tumour specimens, single cell sorting was chosen as the mechanism 

to purify myeloid populations. This was achieved through fluorescent labelling of the 

populations of interest using anti-CD15 antibodies.  

The effect on T cell function was measured through T cell suppression assays. Assays were 

performed in 96 well plates by plating decreasing concentrations of granulocytes in the 

presence of stimulated allogeneic T cells. A representative single sample suppression assay is 

shown in Figure 3.9 A. Ratios of T cells to granulocytes of 1:1 to 1:0.125 were used in all assays 

in order to examine the potency of T cell suppression. The ratio of 1:0.5 was chosen for 

statistical analysis as a 1:1 ratio of T cell: myeloid cell interaction was not deemed to be a 

physiological representation. A reduction in T cell proliferation was induced by both low 

density and high density CD15+ granulocytes however, the suppression observed was 

significant with CD15+ granulocytes isolated from the high density compartment, with 

significant suppression occurring at the ratio of 1:0.5 (2 T cells to 1 myeloid cell), with a p 

value of 0.0195 (analysed using the non-parametric Mann Whitney U test). When examining 

CD15+ populations extracted from tumour tissue, suppressive activity was also observed, 

with an average reduction in T cell proliferation of 42% (Figure 3.9, B). There appeared to be 

a broad variation in the suppressive activity in both blood and tumour derived cells which 
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could not be explained through observations of increased circulating myeloid cell number or 

by cell phenotype, specifically, suppression did not correlate with higher numbers of HLA-DR 

negative circulating CD15+ cells. There was no correlation observed in the subsets examined 

from blood or tumour infiltrating cells (Figure 3.9, C).  

To further corroborate these findings, in-vitro experiments were again carried out using 

tumour derived supernatants. Granulocytes cultured in the presence of tumour conditioned 

supernatants showed strong suppressive activity against T cell proliferation. In contrast, 

granulocytes cultured in complete media (R10%), were not capable of T cell suppression 

(Figure 3.10, A).  

In order to test the hypothesis that ROS production by granulocytes was the mechanism 

leading to T cell dysfunction, the ROS scavenger N-acetylcysteine (NAC) was added to 

proliferation experiments. The addition of this compound to proliferation assays containing 

high density granulocytes led to rescued T cell proliferation, implying that the release of ROS 

could be the mechanism behind T cell suppression in this setting (Figure 3.10, B, C). 
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Figure 3. 9. Assessment of the impact of CD15+ granulocytes on T cell proliferation 

CD15+ cells isolated from patient blood (low density n=13, high density n=20) and tumour (n=12) were 
plated in proliferation assays at decreasing concentrations alongside allogeneic T cells to assess 
potency of suppression. Healthy CD15+ cells (high density, n=10) were used as an experimental 
control. (A) Representative experiment demonstrating all concentrations plated. A concentration of 
1:0.5 (T cell: CD15+ granulocyte) was chosen in group analysis. (B) Group analysis of T cell proliferation 
assays. Proliferation was determined by thymidine incorporation and is expressed relative to T cell 
control. Statistical analysis was performed using the Kruskal-Wallis test, with Dunn’s correction for 
multiple comparisons. (C) Expression of the surface marker HLA-DR on CD15+ cells was examined to 
determine any correlation with T cell suppression.  
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Figure 3. 10. The effect of N-acetyl cysteine on T cell proliferation 

(A) Healthy granulocytes were cultured in the presence of tumour conditioned media from 3 
mesothelioma cell lines for 24 hours, prior to plating within T cell proliferation assays. Granulocytes 
cultured in RPMI 10% for 24 hours were used as a control. T cell proliferation was determined by 
thymidine incorporation and is expressed relative to T cells alone (control). Four replicate experiments 
are shown. Statistical analysis was performed using the Kruskal-Wallis test with Dunn’s correction for 
multiple comparisons. (B) The ROS scavenger N-acetyl cysteine was added to T cell proliferation assays 
to determine the effect of ROS on T cell proliferation. One representative experiment demonstrates 
the effect of NAC at all T cell: granulocyte concentrations. (C) Five replicate experiments at the ratio 
1:0.5 (T cell: Granulocyte), demonstrate proliferation relative to T cell control, with and without the 
addition of NAC. Statistical analysis was performed using a paired T test.  
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3.2.7 Production of an immunosuppressive environment by mesothelioma 

As we successfully demonstrated that mesothelioma supernatants were able to drive ROS 

production by granulocytes, we went on to establish what factors within mesothelioma were 

responsible for this polarisation. The fact that supernatants alone were able to polarise 

granulocytes confirmed that this mechanism was not contact dependent. It was therefore 

likely that the nature of this crosstalk was related to a factor released into the micro-

environment. To further determine the nature of this factor, mesothelioma cell line 

supernatants were boiled to denature all proteins and identical suppression experiments 

were carried out. These experiments clearly showed that granulocytes cultured in the 

presence of boiled supernatants completely lost their ability to suppress T cell proliferation 

(Figure 3.11, A). This is consistent with the presence of a soluble protein released by 

mesothelioma cell lines. ELISAs were performed to detect common proteins which may be 

implicated in immune modulation. This established that the microenvironment of 

mesothelioma was rich in cytokines capable of neutrophil attraction and activation such as IL-

8 and VEGF (345,346), along with the immune modulatory cytokines GMCSF, GCSF, IL-6 and 

PGE2. Soluble mesothelin, which has been implicated in the polarisation of tumour infiltrating 

macrophages (347), was also detectable in a number of supernatants (Figure 3.11, B). Within 

patient plasma raised concentrations of mesothelin, IL-6 and VEGF were detected however, 

plasma GMCSF was not detected (Figure 3.11, C). Further neutrophil associated chemokines 

GROα and Midkine were also detected in a broader chemokine array examining cell line 

supernatants only. Although these chemotactic factors are not directly implicated in the 

activation of granulocytes and ROS release, the presence of cytokines with a strong role in 

chemotaxis of granulocytes supports the hypothesis that this population of cells has a 
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significant role in the pathogenesis of mesothelioma induced immune modulation (348,349) 

(Figure 3.12, A-C).  
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Figure 3. 11. Cytokine profiles within mesothelioma supernatants  

(A) Granulocytes were cultured in the presence of fresh and boiled tumour conditioned media (TCM), 
obtained from three mesothelioma cell lines. Granulocytes from each condition were then used within 
T cell suppression assays to assess whether the denaturing of proteins altered the effects of TCM (one 
of 3 representative experiments shown). Improved T cell proliferation was observed when 
granulocytes were cultured in the presence of boiled TCM. (B) Tumour (n=3) and cell line (n=6) 
supernatants were screened for the presence of cytokines GMCSF, IL-13, IL-8, GCSF, VEGF, IL-6, 
mesothelin by individual ELISAs. (C) Patient (n=23) and healthy donor (n=5) plasma samples were 
screened for the presence of IL-13, IL-4, Mesothelin, IL-6, IL-1β, VEGF, IL-10 and GMCSF using 
individual ELISAs.   
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Figure 3. 12. Inflammatory mediators detected in mesothelioma supernatants 

Tumour conditioned media from 3 cell lines (MSTO211-H (A), MES0-15 (B) and MESO-43 (C)) were 
further analysed using a human chemokine array. Following extraction from culture, TCM was 
incubated with the array membrane as per the manufacturer instructions. Chemokines were detected 
in duplicate. RPMI 10% was incubated with a separate membrane alongside TCM as a control. 
Following membrane development, pixel densities were obtained, and statistical analysis performed 
using a two-way ANOVA, with Bonferroni post-tests to correct for multiple analyses. Significant results 
are demonstrated, with relevant p values shown.  

  

R
e

fe
re

n
c

e
 C

o
n

tr
o

l

F
in

b
ri

n
o

g
e

n
 C

o
n

tr
o

l

N
e

g
a

ti
v

e
 C

o
n

tr
o

l 

g
p

1
3

0
 C

o
n

tr
o

l

R
A

N
T

E
S

/C
C

L
5

M
id

k
in

e

M
IP

-1
a

/b
/C

C
L

3
/4

IL
-8

/C
X

C
L

8

C
X

C
L

1
6

/S
R

P
S

O
X

G
R

O
a

/C
X

C
L

1

M
C

P
-3

/C
C

L
7

M
C

P
-1

/C
C

L
2

0

50000

100000

150000

200000

250000

300000

p<0.001

RPMI

MSTO211-H

p<0.001

p<0.05

M
e
a
n

 P
ix

e
l 
D

e
n

s
it
y

R
e

fe
re

n
c

e
 C

o
n

tr
o

l

F
in

b
ri

n
o

g
e

n
 C

o
n

tr
o

l

N
e

g
a

ti
v
e

 C
o

n
tr

o
l 

g
p

1
3

0
 C

o
n

tr
o

l

R
A

N
T

E
S

/C
C

L
5

M
id

k
in

e

M
IP

-1
a

/b
/C

C
L

3
/4

IL
-8

/C
X

C
L

8

C
X

C
L

1
6

/S
R

P
S

O
X

G
R

O
a
/C

X
C

L
1

M
C

P
-3

/C
C

L
7

M
C

P
-1

/C
C

L
2

0

50000

100000

150000

200000

250000

300000 RPMI

MESO 15

p<0.01

p<0.001

p<0.012

p<0.001

M
e
a
n

 P
ix

e
l 
D

e
n

s
it
y

R
e

fe
re

n
c

e
 C

o
n

tr
o

l

F
in

b
ri

n
o

g
e

n
 C

o
n

tr
o

l

N
e

g
a

ti
v
e

 C
o

n
tr

o
l 

g
p

1
3

0
 C

o
n

tr
o

l

R
A

N
T

E
S

/C
C

L
5

M
id

k
in

e

M
IP

-1
a

/b
/C

C
L

3
/4

IL
-8

/C
X

C
L

8

C
X

C
L

1
6

/S
R

P
S

O
X

G
R

O
a

/C
X

C
L

1

M
C

P
-3

/C
C

L
7

M
C

P
-1

/C
C

L
2

0

50000

100000

150000

200000

250000

300000 RPMI

MESO 43

p<0.001

p<0.001

p<0.001

M
e
a
n

 P
ix

e
l 
D

e
n

s
it
y

A B 

C 



Chapter 3 Results 

 

115 

 

We then investigated whether any of the identified cytokines were capable of enhancing ROS 

production to the same degree as mesothelioma supernatants. Healthy CD15+ granulocytes 

were purified and cultured in the presence of varied concentrations of IL-6, VEGF, GCSF, 

GMCSF, PGE2 and IL-8. For all cytokines, concentrations varying from 100pg/ml to 1ng/ml 

were tested, with IL-6 and IL-8 tested at 2ng/ml and 5ng/ml in addition, due to higher 

detected levels of cytokines within mesothelioma supernatants. Of all tested cytokines 

GMCSF led to the highest increase in ROS production, comparable to tumour supernatants, 

and consistently enhanced ROS when tested at concentrations from 2ng/ml to 100pg/ml 

(Figure 3.13, A-C). In order to determine whether GMCSF was responsible for the enhanced 

ROS production in mesothelioma tumour exposed granulocytes, supernatants were cultured 

for 6 hours in the presence of an anti-GMCSF neutralising antibody. Treated supernatants 

were then added to granulocytes in culture for 24 hours, prior to detection of ROS, as 

described above. Treatment with an anti-GMCSF antibody led to a reduction in ROS 

production, which when analysed using the Wilcoxon matched pairs rank test showed a 

significant reduction (p=0.0313) (Figure 3.14, A, B). Quantification of released H2O2 species 

supported these findings, with reduction in granulocyte released H2O2 in the presence of the 

anti-GMCSF antibody (Figure 3.14, C).  
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Figure 3. 13. Cytokine driven production of reactive oxygen species 

Freshly isolated healthy granulocytes were exposed to a panel of cytokines in culture for 24 hours. 
Cytokines were tested at a concentration of 1ng/ml. (A) Flow cytometry analysis was performed on 
live granulocytes to detect ROS production through oxidation of H2DCFDA to the fluorescent 
compound DCF. Granulocytes cultured in RPMI 10% were used as a control. (B) Reducing 
concentrations of GMCSF (5ng-250pg) were added to granulocyte cultures prior to ROS detection to 
determine the minimal concentration required to induce an increment of ROS. ROS activity was 
detected through DCF detection by flow cytometry. (C) The quantification of ROS was detected by the 
production of H2O2, using the Amplex Red H2O2 assay.  
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Figure 3. 14. Inhibition of ROS production through GMCSF blockade 

(A) Healthy granulocytes were exposed to TCM alone or in the presence of a GMCSF antibody prior to 
detection of ROS activity by flow cytometry. (B) Geometric means of fluorescence detection were 
calculated for statistical analysis using Wilcoxon matched pairs rank test. Two replicate experiments 
shown. (C) Analysis of H2O2 production by granulocytes was also performed in a third replicate 
experiment, to determine the effect of anti-GMCSF blockade on H2O2 production. These reductions 
were not significant using the Wilcoxon matched pairs rank test.  
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To determine whether GMCSF generation of ROS was the mechanism leading to suppression 

of T cell function, anti-GMCSF neutralising antibodies were added to neutrophil polarisation 

cultures, prior to performing T cell proliferation assays. Rescue of proliferation was observed, 

confirming the hypothesis that neutrophil polarisation, driven by GMCSF released by 

mesothelioma, disrupted T cell function (Figure 3.15, A). To further confirm whether tumour 

derived GMCSF could drive granulocytes to suppress T cell proliferation, along with enhancing 

granulocyte ROS production, granulocytes were treated for 24 hours with recombinant 

GMCSF (1ng/ml). This led to a reduction in T cell proliferation, consistent with the effect seen 

with mesothelioma supernatants (Figure 3.15, B). The ROS scavengers catalase and N-

acetylcysteine were added to culture and led to rescued T cell proliferation, suggesting that 

granulocyte ROS production was leading to T cell dysfunction. This was significant with the 

use of catalase; however, significance was not met with NAC when post-test correction was 

applied using the Kruskal Wallis test (Figure 3.15, C).   

Following these findings, we wished to examine the presence of GMCSF in a larger cohort of 

mesothelioma patients to determine the proportion of patients with mesothelioma that this 

mechanism may relevant. 10 tissue sections were stained with anti-GMCSF antibody and 

detected the presence of GMCSF in all tumours (Figure 3.16, A-E). These findings were 

supported through data held within the R2 database, which revealed by transcriptomics that 

approximately 50% of mesotheliomas express GMCSF (350). 
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Figure 3. 15. GMCSF derived ROS production and effects on T cell proliferation  

(A) Granulocytes were cultured in the presence of TCM, with or without the addition of a GMCSF 
antibody for 24 hours, prior to culture in T cell proliferation assays. Cell viability was confirmed by flow 
cytometry. The effect of GMCSF blockade was observed using 3 different cell lines. (B) Granulocytes 
were cultured in the presence of 1ng GMCSF for 24 hours, prior to culture in T cell proliferation assays, 
to observe the independent effect of GMCSF treated granulocytes on T cell function. (Two 
experiments were performed with 6 replicate wells). Horizontal bars show median values. Statistical 
analysis was performed using a Mann Whitney U test. (C) The ROS scavengers catalase (500units/ml) 
and N-acetylcysteine (5mM) were added to T cell: granulocyte proliferation assays to observe for any 
effect on T cell function by the removal of ROS. Horizontal bars show median values. Statistical analysis 
was performed using the Kruskal-Wallis ANOVA, with Dunn’s correction for multiple comparisons.  
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Figure 3. 16. Immunohistochemical staining of human mesothelioma tumour specimens 

Immunohistochemical staining of human mesothelioma tumour sections was performed to examine 
for the presence of GMCSF. (A) Malignant Mesothelioma, adenomatoid type, showing strong 
cytoplasmic positivity of the tumour cells for GMCSF. (B) Epithelioid mesothelioma demonstrating 
sheets of solid epithelioid tumour cells, showing diffuse positive staining for GMCSF. (C) Malignant 
Mesothelioma, adenomatoid type, showing strong cytoplasmic positivity of the tumour cells in diffuse 
pattern for GMCSF. (D) Mesothelioma, with papillary fronds, displaying strong cytoplasmic staining in 
diffuse pattern. (E) Secondary antibody alone. (F) Positive control pancreatic tissue. 
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3.3 Discussion 

The impact of the tumour microenvironment on the function of immune cells is highly 

relevant to current practice in oncology, owing to the successful introduction of 

immunomodulatory therapies. Certain cancer types, including NSCLC and melanoma, have 

seen large gains achieved in patient outcomes due to the use of checkpoint inhibitors such as 

PD-1, PD-L1 and CTLA-4 (143,351,352) however, these benefits have not yet been seen with 

all cancer types (353-355). An understanding of the variation in response may be gained from 

a greater appreciation of the complex interactions occurring between a patients’ tumour and 

immune system, from which the tumour is successfully escaping.  

Throughout the development of asbestos related disease and the subsequent development 

of mesothelioma, an inflammatory environment is present. Mesothelial, stromal and 

inflammatory cells produce a number of immunomodulatory cytokines, including IL-1β, IL-6, 

TNF-α and TGF-β (69,76,78); growth and angiogenesis drivers, VEGF and PDGF (74,85); in 

addition to factors which are capable of altering the tissue cytoskeleton such as MMP-2 and 

MMP-9 (74,125). This cytokine milieu therefore provides and environment which supports 

and enhances malignant transformation, tumour growth and invasion.  

In this study we confirm that a strong inflammatory phenotype is associated with 

mesothelioma through the interrogation of both primary tumour samples and mesothelioma 

cell lines. Of particular interest, increased concentrations of pro-inflammatory cytokines IL-6, 

GM-CSF and PGE2 were demonstrated, in addition to the neutrophil chemotactic factors and 

angiogenesis drivers IL-8, VEGF, Midkine and GRO-α. Consistent with an enhanced 

inflammatory cytokine profile, it was shown that patients with mesothelioma harbour a 

significantly altered systemic blood profile, with reduced T cell and raised neutrophil 
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percentages. This peripheral blood profile significantly differed from healthy controls and 

supports previous data which has shown markedly raised neutrophil to lymphocyte ratios 

within this tumour type (332,356).  

The intra-tumoural immune environment in mesothelioma has received increased focus in 

recent years, with a large study carried out by Ujiie and colleagues investigating patterns of 

lymphocyte invasion revealing the presence of tumour infiltrating macrophages. An increased 

ratio of this population to CD8+ lymphocytes conferred prognostic significance; however, this 

study did not assess other myeloid populations which may also have been present within 

tumours (357).  A similar, larger investigation, examining 302 tumour sections, also included 

surface markers for neutrophil detection. This study supported the findings of Ujiie et al, that 

high numbers of tumour infiltrating macrophages conferred poorer prognosis, but also 

demonstrated that neutrophil infiltration had negative prognostic implications and remained 

a significant indicator in multivariate analysis (183). The majority of functional studies carried 

out in this setting have been within murine models, which provide supporting evidence of a 

polarising environment promoting M2 macrophage infiltration (333,334), 

immunosuppressive myeloid cells (331) and tumour associated neutrophils  (243,245). 

However, despite the prognostic associations of the NLR, little research has focussed on the 

functional role of tumour associated neutrophils in human mesothelioma patients.  

Within this study both low density CD15+ cells found in the PBMC ring, along with high density 

CD15+ cells collected from the RBC pellet were examined. Numbers of CD15+ cells within the 

PBMC ring were significantly higher in patient blood, indicating the presence of an abnormal 

population of cells not present in healthy controls. However, both high and low density 

populations demonstrated suppressive activity in T cell proliferation experiments. High 
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density neutrophils were more abundant and demonstrated more potent suppressive 

activity, therefore focus was towards this group in ongoing experiments. Consideration was 

given as to whether this population could be classified as G-MDSC however, the fact that this 

population was of high density, determined by their separation from those within the PBMC 

ring, prevented this classification and identifies them as a distinct population (250). This 

distinction between G-MDSC and tumour associated neutrophils has been the subject of 

much debate and there is no current agreement as to how to delineate these populations 

phenotypically. Recently produced transcriptomic evidence strongly supports the existence 

of at least two distinct groups of tumour associated neutrophils which show loss of normal 

neutrophil characteristics (336). 

Despite discordance in relation to nomenclature, it is widely accepted that increased numbers 

of circulating, “cancer-associated” neutrophils lead to worse patient outcome in a number of 

different tumour settings, with poor outcomes attributed to pro-tumour effects of 

neutrophils such as inflammation and immune tolerance (243,358), induction of angiogenesis 

(359,360) and tumour cell mobilisation (361). Therefore, the presence of such an enhanced 

neutrophil population in mesothelioma is highly pertinent.  

Primarily, this study was interested in the immunological functions of abnormal neutrophils 

as it has previously been shown that neutrophils are capable of inducing T cell tolerance as a 

mechanism of tumour escape (234,244). Mechanisms utilised by immunosuppressive 

neutrophils in cancer have been investigated, with the two most frequently described being 

arginase-I expression (362,363) and ROS production (240). Both mechanisms can affect T cell 

function through impaired MHC signalling due to both down regulation of the CD3 zeta chain 

and nitration of tyrosine residues present on the T cell receptor. These conformational 
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changes result in reduced flexibility and render it less responsive to interaction with MHC 

molecules (364,365). We therefore investigated whether either of these documented 

mechanisms could be occurring in this setting. Enhanced ROS production by neutrophils was 

shown to be the mechanism of T cell suppression. This enhanced ROS production was driven 

by increased NADPH activity and the suppressive role of ROS was confirmed through rescue 

with ROS scavenging agents NAC and catalase.  

The mechanism driving neutrophil ROS production was shown to be tumour derived GMSCF, 

which enhanced ROS production to a much greater degree than other expressed cytokines 

and remained able to stimulate production at varied concentrations. Raised levels of GMCSF 

were not detected in patient serum however. The effect of GMCSF on neutrophils was 

therefore thought to be occurring within the local tumour environment and as such, not 

represented by circulating GMCSF concentrations. Serum GMCSF, when detected in the 

setting of cancer, has also been reported at low levels, with concentrations in the range of 

40pg/ml (366), lower than those detected within the tumour culture environment in this 

study.  

GMCSF is a commonly encountered cytokine in malignancy and the role of GMCSF in 

neutrophil priming has been previously documented, with Dang et al demonstrating that 

GMCSF could drive NADPH activity through p47phox phosphorylation (367). Interestingly, 

some studies have shown that although GMSCF strongly primes neutrophils for ROS release, 

a second signal is required to induce the respiratory burst (368); however, in our study and 

the work by Dang et al, GMCSF was shown to be an independent inducer of ROS production. 

A wider role of GMCSF as a driver of immunosuppression in the setting of cancer is also well 

established, with GMCSF being one of the most commonly implicated factors in the 
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development of MDSC (207,369,370). Inhibition of GMCSF in combination with 

chemotherapy treatment reduced both number and suppressive function of G-MDSC in an 

vitro culture model (371) and in support of these findings Serafini et al demonstrated that the 

delivery of GMCSF alongside a tumour vaccine in murine melanoma, led to increased numbers 

of suppressive myeloid cells and a reduction in vaccine efficacy (208). These findings have 

significant implications in current practices as GMCSF is often delivered in combination with 

tumour vaccines and is used alongside many chemotherapy agents to support the immune 

system during treatment. In mesothelioma, at least two historical trials have described the 

use of GMCSF as part of chemotherapy protocols (372,373) and it has also been utilised as a 

mechanism of stimulating immune responses in conjunction with vaccine therapy in 

mesothelioma (330,374). In these trials there were either no comparator arms or, in the most 

recent trial using a WT-1 peptide vaccine, GMCSF was delivered alongside both the treatment 

and control vaccines. It is therefore not possible to determine the effect of GMCSF in these 

trials.  A further study examined the delivery of GMCSF direct to the tumour bed in 

mesothelioma patients in attempts to stimulate a local immune reaction. The delivery of 

GMCSF led to neutrophilia and neutrophil activation in patients, determined by enhanced 

CD11b expression; however, only 1 of 14 patients demonstrated a response to this treatment, 

implying that local GMCSF likely does not improve the local immune response. Again, the 

demonstration of a negative effect in this trial caused by GMCSF is not possible (375). One 

area where the negative phenomenon of exogenous or tumour derived GMCSF has been 

studied more intensely is within head and neck cancer, following a study which implicated the 

prophylactic delivery of G-CSF as a poor prognostic factor for local disease control (376). Both 

GMCSF and GCSF have subsequently been shown in murine head and neck cancer models to 
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promote angiogenesis, support increased and persistent infiltration of neutrophils and 

macrophages, and to drive tumour growth (377).  

The possibility of targeting tumour associated GMCSF is something that can now be 

considered in view of a recent trial which demonstrated the safe and effective delivery of 

Mavrilimumab, a human monoclonal antibody targeting the GMCSF receptor, to a cohort of 

patients with severe rheumatoid arthritis (378). Patients treated with the GMCSF receptor 

antibody saw meaningful and significant responses in terms of disease severity, 

demonstrating its effectiveness in man. Although no studies have yet been completed in the 

setting of cancer, the concept of an over stimulated immune response leading to neutrophil 

dysfunction can be paralleled and this provides another possible approach to immune 

modulation as a treatment for cancer. 

This research highlights the extremely complex interplay between cancer and the immune 

system and demonstrates the high plasticity that neutrophils exhibit. Our novel findings, that 

a population of suppressive granulocytes, induced by tumour-derived GMCSF, are present in 

the patients of mesothelioma, provides a new insight into the poor immune responses to 

mesothelioma, and to the association of high neutrophil numbers with poor prognosis. In 

addition, these findings also help to guide understanding of failures in responses to 

treatments aimed at enhancing T cell function. Releasing T cells from the suppressive effects 

of granulocyte-derived ROS may have significant implications in the success of many therapies 

currently under investigation including check-point blockade, tumour vaccines and CAR T cell 

therapy. Releasing the brake applied by the surrounding tumour environment, may create a 

profound change in treatment response and ultimately alter the outcome in this complex 
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tumour. The mechanism of tumour derived GMCSF driving granulocyte T cell suppression has 

not to our knowledge previously been shown in the setting of mesothelioma.  
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Chapter 4: STAT3 mediated immune dysfunction in mesothelioma 

4.1 Results 

4.1.1 T cell function is impaired following culture in the presence of mesothelioma 

During the analysis of mesothelioma patient blood profiles, a reduction in frequency of 3 

common T cell subsets (CD3, CD4 and CD8) was observed. This prompted further investigation 

into the direct impact of mesothelioma on the function of T cells, and in addition, the ability 

of APCs such as dendritic cells (DC) to create a functional immune synapse in this setting.  

As discussed within the introduction, the pleiotropic cytokine, IL-6, and its activation of STAT3 

has been widely implicated in immune dysfunction in the setting of malignancy, specifically 

in the alteration of T cell function. We therefore targeted our investigation toward the effects 

of IL-6 and STAT3 hyperactivation in the setting of mesothelioma.  

Due to the findings in chapter three of a significant reduction in the percentage of circulating 

T cells in patients with mesothelioma, in addition to data demonstrating T cell infiltration in 

mesothelioma tissues was of prognostic relevance (183-185,332), our initial focus was the 

direct effect of mesothelioma on T cell function in vitro. In order to carry out this investigation, 

mesothelioma cell lines were used to provide a tumour conditioned supernatant (TCM), as 

described in chapter 3 and the methods section. T cells were isolated from healthy donors or 

leukocyte cones and purified using a pan-T cell isolation kit (Miltenyi). To investigate whether 

tumour cells impair direct cell function, T cells were cultured in the presence of TCM from 3 

mesothelioma cell lines for 48 hours, prior to stimulation with PMA and ionomycin.  T cells 

cultured in RPMI 10% were used as a control. Production of a Th1 response was subsequently 



Chapter 4 Results 

 

129 

 

assessed through IFN-γ release, measured by flow cytometry. Culture in the presence of TCM 

from MSTO211-H, Meso 15 and Meso 43 reduced the production of IFN-γ in repeated 

experiments however, only the reduction of IFN-γ production induced by MSTO211-H and 

Meso 15 was significant. Four replicate experiments were performed analysing IFN-γ release 

from CD3 positive T cells and statistical analysis performed using a repeated measures 

ANOVA, with Dunnett’s correction for multiple comparisons (Figure 4.1 A, B). 

The function of TCM treated T cells was further assessed by their ability to proliferate 

following non-antigen specific stimulation using anti-CD3 and anti-CD28. T cells were cultured 

with complete RPMI (RPMI 10%), or complete RPMI plus 25% TCM, for 48 hours. Cells were 

then removed, washed and viability assessed, prior to plating.  T cells were plated at a 

concentration of 4x106/ml, in the presence of anti-CD3 and anti-CD28 for 96 hours, with 

proliferation assessed by thymidine incorporation. Proliferation was suppressed by all 3 cell 

line conditions, with MSTO-211H and Meso 15 showing significant levels of suppression when 

analysed using the Kruskal-Wallis ANOVA, with Dunn’s correction for multiple comparisons. 

Results are expressed relative to proliferation of T cells cultured in RPMI 10%, (Figure 4.2).   
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Figure 4. 1 The effect of mesothelioma tumour conditioned media on T cell production of IFN- γ 

(A) Healthy T cells were cultured in the presence of TCM from 3 mesothelioma cell lines for 48 hours, 
prior to stimulation with PMA and ionomycin.  Production of a Th1 response was assessed through 
IFN-γ release, measured by flow cytometry. IFN-γ release was measured from CD3 positive and CD8 
positive T cells. (B) Four replicate experiments were performed analysing IFN-γ release from CD3 
positive T cells. Results were combined for statistical analysis which was performed using a repeated 
measures ANOVA, with Dunnett’s correction for multiple comparisons. 
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Figure 4. 2. The effect of mesothelioma tumour conditioned media on T cell proliferation  

Healthy T cells were cultured in the presence of tumour conditioned media for 48 hours, prior to T cell 
proliferation assays. Treated T cells were assessed for viability and replated at densitiies of 4x106 per 
ml, prior to stimulation with with anti-CD3 and anti-CD28.  Function was assessed by measurement of 
proliferation, detetced by thymidine incorporation, at 96 hours. Healthy T cells cultured in 10% RPMI 
were used as a proliferation control and proliferation of treated T cells expressed relative to this. 
Experiments were replicated with TCM from 3 mesothelioma cell lines, (MSTO211-H n=7, Meso 15 
n=7, Meso 43 n=5). Horizontal lines demonstrate median proliferation. Differences in proliferation 
were analysed using the Kruskal-Wallis test, with Dunn’s correction for multiple comparisons.  
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4.1.2 Mesothelioma activates T cell STAT3 

To determine whether hyperactivation of STAT3 could be involved in the dysfunction of T 

cells, we next examined the expression of phosphorylated STAT3 and total STAT3 through 

quantitative PCR (qPCR) and western blot.  In initial experiments T cell expression of STAT3 

mRNA was assessed following exposure to TCM for 24 hours. Equal numbers of T cells were 

cultured in complete RPMI (RPMI 10%) or in the presence of 25% MSTO211-H, Meso 15 or 

Meso 43 TCM, with all wells harvested at 24 hours. This experiment demonstrated small 

increases in STAT3 mRNA in T cells exposed to TCM at 24 hours; however, these increases 

were not significant when analysed using a repeated measures ANOVA, with Dunnett’s post-

test for multiple comparisons (Figure 4.3, A).   

The detection of abnormal phosphorylation of STAT3 may also be relevant to T cell function, 

as it is through this process that STAT3 is able to activate cellular signalling, with constitutive 

phosphorylation implicated in pathogenic STAT3 function. Analysis of phosphorylated STAT3 

was performed as a time course, to determine whether phosphorylation was occurring 

differentially in T cells exposed to TCM, compared to those in RPMI alone. T cells were plated 

as described above, and wells were harvested at time points of 5, 15, 30, 60 and 90 minutes. 

Upon harvesting, cells were immediately washed, pelleted and placed on ice, prior to freezing 

at -20°C. Once all time points were complete protein lysates were produced, in order to allow 

western blots to be performed in parallel.  Early STAT3 phosphorylation was detected in T 

cells exposed to TCM at 5 minutes and persisted to the final time point of 90 minutes. No 

phosphorylation of STAT3 was observed in T cells cultured in RPMI (Figure 4.3 B, C).  

In order to identify the mechanism which may be leading to STAT3 phosphorylation, the 

effects of cytokines known to be present in the supernatants of mesothelioma tumours and 
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cell lines were assessed (Figure 3.10 & 3.11), along with additional cytokines known to have 

immunomodulatory actions. IL-1β, VEGF, Mesothelin, GM-CSF, GCSF, IL-8, IL-10, PGE2 and IL-

6 were added to complete RPMI in the presence of T cells. T cells were harvested and pelleted 

for western blot after exposure for 30 minutes. Only IL-6 was capable of early STAT3 

phosphorylation and was equivalent to mesothelioma TCM (Figure 4.4, A). To investigate 

whether the presence of IL-6 within TCM could be inducing STAT3 phosphorylation, soluble 

IL-6 blocking antibody was added to the mesothelioma TCM for 6 hours, before being added 

to T cell culture. Blocking IL-6 led to a marked reduction in the level of STAT3 phosphorylation 

in T cells, implying that activation of STAT3 may be occurring via an IL-6 dependent 

mechanism (Figure 4.4, B).  

  



Chapter 4 Results 

 

134 

 

 

       

 

Figure 4. 3. The effect of mesothelioma on STAT3 expression 

(A) T cells were cultured in the presence of tumour conditioned media (TCM) from 3 mesothelioma 
cell lines for 24 hours prior to assessment of total STAT3 mRNA expression. Four replicate experiments 
are shown, with horizontal line representing mean. Analysis was performed using a repeated 
measures ANOVA, with Dunnett’s correction for multiple comparisons. (B) STAT3 phosphorylation and 
total STAT3 were assessed by western blot at multiple time points, from 5 to 90 minutes. (C) 
Densitometry was performed on protein bands to allow for assessment of expression relative to β-
actin control.  
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Figure 4. 4. The induction of STAT3 phosphorylation by soluble factors in mesothelioma 

(A) Healthy T cells were exposed to immunomodulatory cytokines (IL-1β, VEGF, Mesothelin, GM-CSF, 
GCSF, IL-8, IL-10, PGE2 and IL-6) for 30 minutes, prior to assessment of pSTAT3 activity by western 
blot. Tumour conditioned media (TCM) was used as a positive control for pSTAT3 induction. Western 
blot and relative protein expression, determined by densitometry, are displayed. (B) To determine 
whether IL-6 present in TCM was inducing STAT3 phosphorylation, soluble IL-6 was blocked using an 
IL-6 antibody, prior to detection of pSTAT3. Experiments were performed using TCM from 3 cell lines. 
Representative western blots of 3 replicate experiments are shown.   
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4.1.3 STAT3 inhibition is achieved through an antisense oligonucleotide and 

enhances T cell function 

As it was demonstrated that STAT3 phosphorylation occurs following exposure to TCM we 

wished to investigate what functional effect this could be having on T cells within the tumour 

microenvironment. In order to investigate this, the STAT3 antisense oligonucleotide (ASO), 

AZD9150, was obtained as a gift from Astrazeneca to inhibit STAT3 activation in the presence 

of mesothelioma conditioning. Dose titrations were carried out following instructions from 

the manufacturer regarding recommended dose regimens. Despite detection of moderate 

reductions in STAT3 mRNA (Figure 4.5, A), visible reductions in STAT3 protein were small and 

variable (Figure 4.5, B). It was thought that the lack of protein reduction may be related to 

limited uptake of the ASO, therefore we attempted to enhance the uptake into T cells using 

the non-liposomal transfection agent Fugene6. This did not result in any significant 

improvement in ASO function, in terms of STAT3 protein expression (Figure 4.6, A). Due to 

the difficulties in obtaining robust STAT3 knockdown in human T cells, we tested the ASO in 

additional cell types. When tested with the human T cell leukaemia cell line, JURKAT, 

treatment with the STAT3 ASO led to marked knockdown of protein expression when 

compared to untreated cells. This indicated that lack of STAT3 protein reduction in T cells was 

not a functional defect in the ASO itself, but likely a problem with the uptake of the molecule 

into human T cells (Figure 4.6, B).  
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Figure 4. 5. The use of an antisense oligonucleotide to inhibit STAT3 function 

Healthy donor T cells were isolated and cultured in RPMI 10% and TCM from 3 mesothelioma cell lines 
in the presence of the anti-sense oligonucleotide, AZD9150, targeted to STAT3. AZD9150 was used at 
a concentration of 5µM, directly added to media. Cells were treated for 48 hours then harvested for 
analysis. The effect of the oligonucleotide was assessed through STAT3 mRNA detection (A) and 
protein expression (B). Statistical analysis of the ASO effect on STAT3 mRNA expression was carried 
out using a paired T test. One of three replicate experiments is shown. 
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Figure 4. 6. Enhancing the effect of the STAT3 antisense oligonucleotide  

(A) To attempt to enhance the efficacy of the STAT3 antisense oligonucleotide, the transfection agent 
Fugene6 was used in T cell culture experiments. T cells were cultured in the presence of TCM from 3 
separate cell lines. TCM alone, TCM plus STAT3 ASO (5µM) and TCM plus STAT3 ASO in the presence 
of Fugene6 were assessed. Total STAT3 and phosphorylated STAT3 protein expression for all 
conditions were determined by western blot. Representative of 3 replicate experiments. (B) The 
function of the STAT3 ASO was tested in the T cell leukaemia cell line, JURKAT, to determine whether 
a more robust reduction in protein expression could be achieved. Total STAT3 was assessed by 
western blot.  
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Despite the very modest reduction in STAT3 protein expression in human T cells, STAT3 ASO 

treatment was able to produce an improvement in T cell function in cells cultured in the 

presence of mesothelioma TCM. T cells were treated with the STAT3 ASO and control ASO, 

prior to exposure to TCM for 48 hours. Proliferation assays were performed, as previously 

described. Improvement in T cell proliferation was achieved in T cells cultured in 

mesothelioma TCM from MSTO211-H and Meso 43; however, when analysis was performed 

using the Kruskal-Wallis ANOVA, these improvements were not significant (Figure 4.7 A-C).  

To investigate whether improvements in T cell function could be achieved through targeting 

the STAT3 pathway at an upstream activation point the JAK2 inhibitor, ruxolitinib, was used 

to perform equivalent experiments. JAK2 is a vital component of the cytokine signalling 

pathway, permitting intracellular phosphorylation of STAT3, following the binding of 

cytokines to their receptors and activation of the signal transducer gp130 (379).  The addition 

of ruxolitinib to T cells was able to reduce STAT3 expression, determined by mRNA and 

protein detection.  The reduction in STAT3 was significant over three replicate experiments, 

when analysed using a repeated measures ANOVA (p<0.01). This reduction was equivalent to 

that achieved with the STAT3 ASO (Figure 4.8, A). Interestingly, equivalent protein reduction 

was not observed, with significant changes in total STAT3 band density seen with the STAT3 

ASO (p<0.01, analysed using repeated measures ANOVA), but not observed with ruxolitinib in 

duplicate experiments (Figure 4.8, B). Following treatment with ruxolitinib, the function of T 

cells was also assessed through proliferation assays. No rescue was observed with the use of 

ruxolitinib, in contrast to the STAT3 ASO (Figure 4.9, A). It is possible that the lack of rescue in 

this scenario was related to the non-specific effect of ruxolitinib which, in contrast to an ASO, 

has the capability to affect pathways of other STATs, reliant on JAK2 for intracellular signalling. 

The mRNA expression of STAT1 and STAT5 were therefore examined within T cells following 
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treatment with both drugs. Dramatic decreases in STAT1 expression (p<0.001), but not STAT5, 

were observed in cells treated with ruxolitinib. No significant changes in STAT1 or STAT5 were 

seen following treatment with the ASO (Figure 4.9, B). The findings that ruxolitinib severely 

impairs STAT1 expression may explain the inability to rescue T cell proliferation in T cells, 

despite similar levels of STAT3 blockade. STAT1 has been shown to play a vital role in CD8+ T 

cell function, with its activation observed in response to type 1 interferons and successful 

CD8+ T cell expansion and survival dependent on this signalling process (380,381). The 

absence of this molecule in combination with reduction in STAT3, therefore appears to 

prevent T cell rescue. Interestingly, T cells not treated with TCM did not experience a 

reduction in proliferative capability, implying a potential additive effect of mesothelioma 

tumour conditions and STAT1 inhibition resulting in this effect.  
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Figure 4. 7. The effect of STAT3 inhibition on T cell proliferation 

Healthy T cells were treated with the STAT3 ASO, AZD9150, or control ASO, prior to addition of TCM, 
and remained in culture for 48 hours. Treated T cells were assessed for viability and replated at 
densitiies of 4x106 per ml, prior to stimulation with with anti-CD3 and anti-CD28.  Function was 
assessed by measurement of proliferation, detetced by thymidine incorporation, at 96 hours. Healthy 
T cells cultured in RPMI 10% were used as a proliferation control and proliferation of treated T cells 
expressed relative to this. Experiments were replicated with TCM from 3 mesothelioma cell lines, (A) 
T cells cultured in MSTO211-H TCM with STAT3 and control ASO (n=7), (B) T cells cultured in Meso 15 
TCM with STAT3 and control ASO (n=7), (C) T cells cultured in Meso 43TCM with STAT3 and control 
ASO (n=5). Horizontal lines demonstrate median proliferation. Differences in proliferation were 
analysed using the Kruskal-Wallis ANOVA with Dunn’s correction for multiple comparisons.  
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Figure 4. 8. The effect of JAK2 versus STAT3 inhibition on STAT3 mRNA and protein expression 

T cells were treated with the JAK2 inhibitor ruxolitinib, to observe whether blockade of upstream  
STAT3 pathways led to improved T cell function. (A) The effect of ruxolitinib was assessed through 
detection of total STAT3 mRNA and STAT3 protein. Significant reduction in mRNA was observed with 
both ruxolitinib (p<0.01) and STAT3 ASO (p<0.01), analysed using repeated measures ANOVA. 
(B)Protein reduction in T cell groups did not correspond to mRNA reduction, with significant changes 
in STAT3 band density observed only with the STAT3 ASO (p<0.01), analysed using repeated measures 
ANOVA. (One of three representative experiments shown).  
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Figure 4. 9. The effect of JAK2 versus STAT3 inhibition on T cell function 

(A) T cells were treated with both the JAK2 inhibitor, ruxolitinib, and the STAT3 ASO, in the presence 
of TCM, prior to T cell proliferation assays. T cells were cultured in RPMI 10% as a control, in the 
presence of all drug conditions. Three replicate wells were plated for each condition. Analysis was 
performed using a two-way ANOVA. Inhibition of STAT3 using the ASO (pale blue bars) led to 
significant proliferation rescue in cells treated with MSTO211 and Meso 43 TCM. No significant rescue 
was observed with ruxolitinib (red bars) in any condition. (B) T cells cultured for 48 hours in the 
presence of TCM, in addition to the STAT3 ASO or ruxolitinib, were examined for STAT1 mRNA 
expression. Three replicate experiments are shown for each TCM condition. A significant reduction in 
STAT1 mRNA was observed with ruxolitinib treatment. (C) T cells were simultaneously examined for 
STAT5 expression. No significant changes were observed. Statistical analysis was performed using a 
repeated measures ANOVA.  
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4.1.4 DC function is impaired following culture in the presence of mesothelioma 

Following the observations that mesothelioma cell lines were capable of altering T cell 

function through modulation of STAT3, we attempted to assess the effect on dendritic cells 

(DC) within this environment. DC are known to be negatively modulated by STAT3 

hyperactivation. It has previously been shown by Nefedova et al that STAT3 activation, 

induced by treatment with colon carcinoma TCM, had the ability to impair DC development 

and diverge cells from a group of functionally important APC, to cells that resemble MDSC. 

This population of MDSC lacked DC maturation markers and expressed CD14, consistent with 

an immature myeloid population (382). We hypothesised that impaired T cell function within 

mesothelioma may similarly be compounded by the presence of a functionally impaired 

population of DC within a tumour environment.  

DC were generated from healthy CD14+ cells, in the presence of IL-4 and GM-CSF, as 

described within the methods section. DC culture was supplemented with 25% TCM from 2 

mesothelioma cell lines, MSTO211-H and Meso 15. Following generation, their ability to 

stimulate T cell proliferation was assessed within a T cell proliferation assay using a ratio of 

50,000 DC to 200,000 allogeneic T cells. Cells were plated in co-culture for 96 hours and T cell 

proliferation measured by thymidine incorporation. DC generated in the presence of GM-CSF 

and IL-4 and RPMI 10% were able to stimulate T cell proliferation. In contrast, DC cultured in 

the presence of TCM were significantly impaired in their ability to stimulate T cell 

proliferation. p<0.05 for both MSTO211 and Meso 15 TCM (Figure 4.10, A).   
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Figure 4. 10. Mesothelioma impairs DC ability to stimulate T cell proliferation  

DC were generated from healthy CD14+ monocytes, isolated from a leucocyte cone, in the presence 
of GM-CSF and IL-4. Control DC were generated in the presence of RPMI 10%. The effect of TCM was 
tested through the addition of 25% TCM from 2 mesothelioma cell lines to DC cultures. Following 6 
days, DC were harvested, and viability assessed, prior to re-plating in T cell proliferation assays. 50,000 
DC were added to 200,000 allogeneic T cells and proliferation determined by thymidine incorporation 
at 96 hours. Proliferation is expressed relative to T cells stimulated by DC cultured in the presence of 
RPMI 10%. Five replicate experiments are shown. Horizontal line demonstrates median proliferation. 
Differences in proliferation were analysed using the Kruskal-Wallis ANOVA, with Dunn’s correction for 
multiple comparisons.  DC cultured in the presence of MSTO211 and Meso 15 TCM were significantly 
impaired in their ability to stimulate T cell proliferation, p<0.05.  
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4.1.5 Impaired T cell stimulation may be caused by DC STAT3 dysfunction in the 

presence of mesothelioma TCM 

During development monocyte derived DC lose their expression of CD14 and CD33 and begin 

to express markers of maturation and co-stimulatory molecules including CD40, CD54, CD80, 

CD86, CD83. Maturation can be initiated through inflammatory stimuli and interaction with 

foreign peptides. During this process DC also relocate Class I and II MHC molecules from 

endosomal and lysosomal compartments to their cell surface, allowing antigen presentation 

(383). Their level of maturation determines their ability to interact and prime circulating T 

cells, and therefore, their ability to drive T cell activation and proliferation.  

To determine whether the mechanism leading to poor DC function in the presence of 

mesothelioma TCM could be impaired DC maturation, the phenotype of these cells was 

further analysed by flow cytometry. DC were generated as described, followed by LPS 

stimulation overnight on day 6. Flow cytometry analysis was performed on day 7. Surface 

expression of maturation and co-stimulatory molecules CD83, CD86, CD80, CD54, CD40 and 

Class II MHC (HLA-DR), along with CD14 and CD33, markers suggesting immaturity, were 

assessed in three experiments. Within the first experiment performed, there were no 

observed differences in the expression of CD14 or CD33, and costimulatory molecules were 

expressed at similar levels in all groups. Within experiment 2, both CD14 and CD33 expression 

persisted on TCM treated DC, with reduction of the expression of costimulatory molecules 

HLA-DR, CD80 and CD86, particularly in those DC exposed to Meso 15 TCM. Both CD40 and 

CD54 were also reduced in TCM exposed DC, again more marked in those exposed to Meso 

15 TCM (Figure 4.11 A, B). Within the third experiment, CD14 expression again persisted on 

DC treated with TCM; however, no changes in expression of CD33 were observed. 
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Costimulatory and maturation markers did not differ significantly between culture conditions. 

All 3 experiments are depicted, with geometric mean of surface marker expression reported 

for DC cultured in RPMI 10%, MSTO211-H TCM and Meso 15 TCM for each experiment in 

Figure 4.12, A. As persistence of markers of immaturity could not be consistently observed in 

TCM exposed DC, and markers of maturation and co-stimulation did not differ significantly 

between each condition, it was concluded that these changes could not account for the 

impaired ability of DC to stimulate T cells.  The cause of inter-experimental variability is due 

to the response of different donor cells to the effects of TCM over the prolonged culture time 

of DC. More experiments with a larger number of healthy donors will be necessary to reduce 

the donor viability and obtain clear evidence of the TCM effect on DC maturation. 
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Figure 4. 11. The effects of mesothelioma tumour conditioned media on DC maturation (i)  

DC were generated from healthy CD14+ monocytes, isolated from a leucocyte cone, in the presence 
of GM-CSF and IL-4. Control DC were generated in the presence of RPMI 10% and the effect of TCM 
tested through the addition of 25% TCM from 2 mesothelioma cell lines to cultures.  Cells were treated 
with LPS for 12 hours on day 6 and examined by flow cytometry on day 7. (A) Gating of live DC. (B) 
Expression of surface markers of DC maturation (CD40, HLA-DR, CD54, CD80, CD83, CD86) and 
immaturity (CD14, CD33) were examined. Histograms show expression of markers on DC cultured in 
RPMI 10% (grey), MSTO211-H TCM (red) and Meso 15 TCM (green). Black histogram (No antibody) 
represents unstained DC.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
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Figure 4. 12. The effects of mesothelioma tumour conditioned media on DC maturation (ii)  

DC surface marker expression, following culture in TCM (as described in figure 4.11), was assessed in 
3 separate experiments. Surface expression is represented as geometric mean with horizontal line 
demonstrating median expression. Statistical analysis of differences between groups was carried out 
using the Kruskal-Wallis test, with Dunn’s correction for multiple comparisons. No statistically 
significant differences were observed. 
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As there were no significant differences in the surface expression of co-stimulatory molecules 

this could not account for the poor ability of TCM exposed DC to activate T cell proliferation. 

We therefore sought to determine whether STAT3 activation could be implicated as the 

mechanism behind impaired DC function and signalling.  

The level of STAT3 expression was first assessed by qPCR and western blot following 

mesothelioma TCM exposure. Within DC exposed to TCM, an increase in STAT3 mRNA was 

observed, which was confirmed by western blot (Figure 4.13 A, C). Density ratios for STAT3 

protein expression were 0.6 for DC cultured with no TCM exposure, compared to 1.0 and 0.9 

for MSTO211-H and Meso 15 TCM, respectively. This did not reach significance following 

duplicate experiments, however, (p=0.355). 

Within parallel experiments DC were treated with the STAT3 ASO. Significant reductions in 

both STAT3 mRNA and STAT3 protein were observed in all DC groups, p=0.0034 and p<0.0001, 

respectively (Figure 4.13 B, C). Analysis of the difference in STAT3 expression was carried out 

using a paired T test. Following this STAT3 knockdown, DC from both MSTO211 TCM and 

Meso 15 TCM groups demonstrated improvements in function, determined by their ability to 

stimulate T cell proliferation, suggesting a role of STAT3 in this mechanism. The observed 

rescue in DC cultured in the presence of TCM did not reach significance however, when 

analysed the Kruskal-Wallis ANOVA, with Dunn’s correction for multiple comparisons (Figure 

4.14 A, B).  

To determine whether disruption of STAT3 signalling at different points within its pathway 

could also affect DC function, the JAK2 inhibitor, ruxolitinib, was also added to the culture of 

DC. In initial experiments significant toxicity was observed when added at the concentration 
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titrated within T cell experiments. Further titration required a dose 10 times lower than that 

used in T cell culture, implying a significant toxic effect caused by disruption of JAK2 signalling 

during DC maturation. T cell stimulation by DC was impaired by ruxolitinib when added to DC 

cultured in RPMI 10% and no rescue in proliferation was achieved by the addition of 

ruxolitinib to DC culture in the presence of MSTO211 or Meso 15 TCM (Figure 4.14, C). These 

findings are consistent with the documented effect of ruxolitinib induced JAK2 inhibition in 

monocyte derived DC by Heine et al. This study examined demonstrated that JAK2 inhibition 

significantly impaired DC generation and maturation, with impaired cytokine release, 

migration and subsequent lack of induction of T cell responses (384).  

The experiments described above demonstrate that mesothelioma is capable of altering DC 

function, with impaired ability to stimulate T cell responses. There was no significant 

impairment of DC generation or maturation in DC exposed to mesothelioma conditions; 

however, enhanced STAT3 activity was observed. The reduction of STAT3 signalling, achieved 

using a targeted STAT3 ASO, led to partial rescue of the DC-T cell interaction, implying that 

hyperactivation of STAT3 could be implicated in this mechanism. Specific inhibition of STAT3 

following hyperactivation may be therefore be a possible mechanism to improve both T cell 

and DC function in a tumour conditioned environment.   
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Figure 4. 13. The effect of JAK2 versus STAT3 inhibition on the ability of DC to stimulate T cell 
proliferation 

(A) DC were generated in the presence of RPMI 10% or 25% mesothelioma conditioned media (TCM) 
from MSTO211-H and Meso 15, as described above. Within DC exposed to TCM, an increase in STAT3 
mRNA was observed. These changes did not show significance following replicate experiments. Within 
parallel experiments DC were generated in the presence of a STAT3 ASO. Significant reductions in 
STAT3 mRNA (B) and protein (C) were observed in all DC groups, p=0.0034 and p<0.0001, respectively. 
Statistical analysis was performed using a paired T test. 
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Figure 4. 14 The effect of JAK2 versus STAT3 inhibition on the ability of DC to stimulate T cell 
proliferation 

DC were generated in the presence of RPMI 10% or 25% TCM from mesothelioma cell lines MSTO211-
H and Meso 15. Additional DC were cultured for each condition in the presence of the STAT3 ASO and 
the JAK2 inhibitor, ruxolitinib. Cells were harvested at day 6 and re-plated within T cell proliferation 
assays. (A, B) STAT3 knockdown led to improvements in T cell proliferation following stimulation by 
DC cultured with both MSTO211 (n=5) and Meso 15 TCM (n=4). This did not reach significance when 
replicate experiments were analysed. (C) The addition of ruxolitinib impaired the ability of DC to 
stimulate T cell proliferation and did not result in improved function of DC cultured with mesothelioma 
TCM. Statistical analysis was performed using a Kruskal-Wallis ANOVA, with Dunn’s correction for 
multiple comparisons. 
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4.2 Discussion  

This study has demonstrated that in the setting of mesothelioma T cell function is significantly 

impaired through the actions of tumour related cytokines and this may be a result of STAT3 

activation. Within these experiments, the release of IFN-γ, the primary cytokine required for 

T cell cytotoxic function and driver of cytotoxic T cell differentiation, was reduced through 

culture in the presence of mesothelioma factors. In addition, this was associated with a 

remarkable impairment in T cell proliferation, in contrast to un-exposed controls. The early 

induction of STAT3 phosphorylation and subsequent enhanced STAT3 transcription is of vital 

importance as a possible mechanism of T cell dysfunction, due to the significant inhibitory 

effects STAT3 hyperactivation is known to promote in T cells (385). Mesothelioma is known 

to have a highly inflammatory environment and, as discussed in chapter 3, was proven in this 

setting to produce cytokines capable of STAT3 activation including IL-6, IL-8 and VEGF. 

Through individual examination of these cytokines it was demonstrated that IL-6 was the only 

cytokine capable of inducing the same profile of STAT3 phosphorylation as mesothelioma 

TCM. In addition, blocking the action of IL-6 using a soluble inhibitor was able to reverse this 

activation, confirming that IL-6 is the main driver of STAT3 phosphorylation in this setting.  

Whether manipulation of STAT3 within T cells could alter the response to mesothelioma was 

therefore the primary question. We attempted to answer this through the inhibition of STAT3 

signalling using an antisense oligonucleotide (ASO), which could specifically target STAT3. 

During our experiments it became apparent that the effect of the ASO within T cells was 

limited, with only minor reductions in the expression of STAT3 mRNA and protein being 

achieved. This was in contrast to levels of reduction observed in other cell types such as the 

T cell leukaemia cell line, JURKAT, and dendritic cells. Despite attempts to enhance ASO action 
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via transfection reagents, comparable reductions in T cells were not achieved. This implied 

that either the uptake of the ASO by T cells was in some way impaired, or that STAT3 

activation in this setting could not be so robustly overcome by the ASO. The manufacturer of 

this oligonucleotide did not describe difficulties in free-uptake of this ASO when tested in a 

number of solid tumour or haematological cancer cell lines; however, to our knowledge, 

function in healthy human T cells was not investigated (386).  Difficulties in human T cell 

transfection are commonly encountered (387), leading to the development of transfection 

methods such as virus-transfection and electroporation to enhance the entry of desired 

genes, therefore investigation of enhanced ASO function using these methods should be 

carried out.  

Despite the limitations in STAT3 inhibition using this ASO in T cells, improvements in T cell 

function were observed in treated T cells, implying that partial inhibition of STAT3 in this 

setting was resulting in partial T cell rescue.  In view of these findings, we sought to alter T 

cell signalling via STAT3 at an alternative point within the pathway, utilising the JAK2 inhibitor 

ruxolitinib. Use of this inhibitor did not substantially reduce STAT3 expression within treated 

T cells and did not result in superior rescue. Although marketed as a JAK2 inhibitor, it is known 

that ruxolitinib is not specific to this tyrosine kinase and is known to inhibit over 30 cellular 

kinases (388). Of particular relevance, ruxolitinib was shown to cause almost 100% inhibition 

of both TYK2 and JAK1 (388), which are required within the signalling pathway of STAT1 (389). 

This therefore accounts for the profound reductions in STAT1 mRNA, which were not 

observed with the use of the ASO. As discussed within the introduction, STAT1 is a vital 

component of the signalling cascade during T cell activation, required for T cell proliferation 

and survival (380,381). These findings therefore support the theory that impaired STAT1 
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signalling could be the mechanism behind poor T cell rescue achieved with ruxolitinib and 

support the use of specific inhibitors to target STAT3.  

Within dendritic cells, impaired ability to drive T cell proliferation following exposure to 

mesothelioma conditioned media was also observed. Despite this, generation and maturation 

of DC did not appear to be significantly altered. The role of STAT3 in this setting was therefore 

investigated and increases in the transcription of STAT3 mRNA and small changes in STAT3 

phosphorylation and protein expression following exposure to mesothelioma conditioned 

media were observed. In order to demonstrate the functional significance of these subtle 

changes, DC were generated in the presence of the STAT3 ASO. Interestingly, following 

treatment of DC with the STAT3 ASO, far greater STAT3 inhibition was induced than that 

achieved with T cells, despite delivery methods to DC and T cell groups being identical. The 

observed STAT3 reduction appeared to translate to improvements in DC function, with 

enhanced T cell stimulation achieved by DC treated with conditioned media from 2 separate 

cell lines, although these findings did not reach significance upon statistical analysis. In a 

separate experiment using ruxolitinib, a similar lack of response was observed with DC as had 

been seen in T cells, likely due to similar effects on the signalling of other STATs. This is not 

surprising in view of the defects in DC maturation and function that  ruxolitinib has proven to 

induce in vivo (384).  

The findings in this study clearly demonstrate that mesothelioma is capable of inducing 

defects in the function of T cells and DC, and that these effects are mediated by factors 

released by this tumour into the microenvironment. The data obtained support the theory 

that within T cells, suppression of their function is due to IL-6 driven STAT3 activation. As 

shown by others, this IL-6/STAT3 driven phenotype is unable to produce sufficient IFN-γ to 
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support T cell differentiation, due to the induction of SOCS1 (390), subsequently leading to 

impaired T cell proliferation and, in a tumour microenvironment, impaired T cell tumour 

infiltration (385). In addition, STAT3 activation may propagate its own activation through 

further release of immunosuppressive factors such as IL-10 and TGF-β (391). Further to this, 

recent work by Cuicci et al has demonstrated that STAT3 activation within cytotoxic T cells is 

also capable of inducing the expression of RORγt which led to blockade of the functions of 

transcription factors T-bet and Eomesodermin, which are required for successful CD8+ T cell 

differentiation and function (392). 

Within the setting of DC, STAT3 activation also appears to be driving the dysfunction 

observed. DC dysfunction has been reported in a number of cancer settings, with numbers 2 

to 4 times lower than healthy comparators (393,394), along with defects in the expression of 

co-stimulatory molecules CD80, CD86 and MCH Class II (HLA-DR) (199,395). STAT3 activation 

within DC, driven by tumour derived factors, in particular IL-6, has been shown to be the main 

pathway restricting DC development (382,396). This was confirmed through the rescue of DC 

maturation and function using STAT3 inhibition (397). Such changes in DC profiles have been 

observed in mesothelioma patients and importantly have prognostic implications, with 

correlation between the presence of functional DC and patient survival (199).  

Taken together, these findings indicate that the mesothelioma tumour environment contains 

factors which are capable of driving STAT3 activation in both T cells and DC. This activation is 

likely to propagate the release of further immunosuppressive factors and result in an 

incompetent immune response. Impaired T cell activation as a result of DC dysfunction is 

compounded by reduced T cell ability to differentiate and proliferate as effector T cells and a 

STAT3-high environment, further propagates this phenotype. Further work in this area is 
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required, particularly to obtain superior reduction in T cell STAT3 expression; however, the 

targeted inhibition of STAT3 using molecules such as ASOs, may be a new area of targeted 

immunotherapy which could significantly alter patient outcomes. 
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Chapter 5: Manipulation of the immune microenvironment through 

check point blockade 

5.1 Introduction   

The ability of STAT3 activation to induce cross talk within the tumour micro-environment is 

further enhanced through its ability to activate the expression of immune check points. The 

utility of immune check points as a means to alter the host response to cancer has become 

hugely relevant over the last 10 years owing to the development of effective targeted agents, 

which have dramatically altered patient outcomes in a number of malignancies. The most 

prominent targets for check point manipulation are the T cell surface molecules CTLA-4 and 

PD-1, along with the PD-1 ligand PD-L1, expressed on several different immune cells, as well 

as tumour tissue.  

CTLA-4 was the first immune check point to be successfully targeted within cancer (351). 

Expressed on T cells, this molecule is rapidly up-regulated following T cell activation and 

competes with CD28 on T cells for the co-stimulatory molecules CD80 and CD86 (398). This 

competitive activity slows the T cell response to antigen-specific activation, resulting in 

reduced proliferation and IL-2 production, therefore muting the immune response (399). 

Similarly PD-1, expressed on antigen specific T cells, is up-regulated following antigen 

activation and through engagement with its ligand, PD-L1, results in reduced T cell 

proliferation, cytokine release and apoptosis (267,400).  PD-L1 is expressed on many cell types 

including macrophages, dendritic cells, B cells and T cells (270,272), in addition to a number 

of epithelial tissues (268). It’s expression is also up-regulated during T cell activation, driven 

by inflammatory factors such as IFN-γ and TNF-α (401), leading to suppression of the T cell 



Chapter 5 Results 

 

160 

 

response. In healthy individuals, the presence of these inhibitory molecules are required to 

maintain immune system homeostasis; however, it is the aberrant expression of these 

molecules which have led to the story of their success in the setting of cancer, as tumour 

tissues manipulate these pathways to create T cell tolerance and immune escape.  

PD-L1 is up-regulated in a number of malignancies including lung cancer (402), melanoma 

(403) and breast cancer (299). There is partial overlap of PD-L1 expression and high 

mutational load in tumours (404) and, corresponding to this, the relationship between 

response to PD-1 and PD-L1 blockade and mutational load has been shown to be significant 

in both melanoma and NSCLC (405). In colorectal cancer, where responses to PD-1 and PD-L1 

inhibition have been poor, a sub-group of MMR deficient, mutation-high tumours, have also 

been shown to have higher response rates to checkpoint inhibition (406,407). There are 

currently no PD-1 or PD-L1 modulatory therapies licensed for use in the setting of colorectal 

cancer therefore recent investigations have aimed to detect sub-populations that may benefit 

from immune blockade. These studies have demonstrated that tumours with deficient 

expression of mismatch repair proteins, which carry higher mutational burden (408), show 

higher PD-L1 expression, particularly when both tumour cell and tumour infiltrating immune 

cell expression is taken into account (409). 

 The mechanisms of both PD-1 and PD-L1 up-regulation in cancer are complex, owing to their 

expression on a variety of different cell types. Despite this, throughout the literature there is 

a prominence of STAT3 involvement. For PD-L1, pathways involving interferon regulatory 

factor 1 (IGRF1) (292), NMP/ALK signalling via ERK phosphorylation (295) and activation of 

phosphatidylinositol-3-OH kinase (PI3K) (296) have all been implicated. However, JAK/STAT 

inhibition was shown to reduce the expression of PD-L1 driven by IGF1 and, an additional 
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pathway involving NMP/ALK signalling in T cell lymphoma, demonstrated that NMP/ALK 

activation of STAT3 led to direct binding to the PD-L1 promoter, resulting in enhanced 

expression (294).  In addition, within nasopharyngeal carcinoma, the EBV-induced latent 

membrane protein 1 (LMP1) was shown to increase PD-L1 expression via STAT3 activation 

(410). Within APCs, STAT3 was shown to be the primary signalling pathway responsible for 

PD-L1 up-regulation in populations of immature, tolerogenic DCs (411). Interestingly, this 

paper also demonstrated that this inhibitory APC population produced immunosuppressive 

cytokines IL-10 and IL-6, which could therefore both maintain STAT3 expression and lead to 

inhibitory actions on surrounding T cells.  

For PD-1, its major regulator of expression is the transcription factor NFATc1. Activated 

following TCR stimulation, NFATc1 binds to a conserved region of the Pdcd1 gene regulating 

PD-1 expression (412), thus providing a self-regulatory circuit within the T cell.  Upon 

identification of additional distal binding sites on the Pdcd1 gene, further regulators STAT3 

and STAT4 were identified, activated through IL-6 and IL-12 stimulation of T cells, respectively 

(413).  

Following the expression of PD-1 and PD-L1 on immune populations, significant restriction of 

the immune system is observed. Interaction of immature DC with CD8+ T cells was shown to 

induce populations of tolerant, non-activated T cells through the expression of PD-1 and 

CTLA-4 on their surface. This was confirmed by the removal of PD-1 expression in an identical 

setting resulting in T cell priming, despite the DC still remaining in an immature state (414). 

This negative interaction is enhanced in the setting of cancer, demonstrated by significantly 

increased expression of PD-L1 in monocytic DC extracted from the lymph nodes of patients 

with ovarian cancer, compared with non-cancerous subjects.  These DC released increased 
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concentrations of the immunosuppressive cytokine IL-10 and led to reciprocal IL-10 release 

from T cells, which were also suppressed in their proliferative ability (270). Blockade of PD-L1 

on DC, reversed this effect, leading to the release of the pro-inflammatory cytokines IL-12 and 

IL-10, in addition to enhanced T cell proliferation and slowed tumour growth within a murine 

model (270).  

The induction of PD-1 PD-L1 signalling is not restricted to DC however, with evidence that 

populations of suppressive MDSC, macrophages and neutrophils are also acting via this 

pathway. MDSC have been shown to reduce the effect of PD-L1 blockade, with evidence that 

reducing the number and function of G-MDSC in the tumour environment in head and neck 

cancer, led to an improved response to PD-L1 therapy (415). Reduction in numbers of G-MDSC 

was achieved through PI3K inhibition, which resulted in reduction of the immunosuppressive 

factors arginase-I and iNOS, which were believed to be the mechanisms behind improved T 

cell responsiveness. The expression of PD-L1 on this population of G-MDSC was not assessed, 

therefore it is unclear whether signalling between G-MDSC and T cells had an impact on 

outcome. A murine study focussing primarily on tumour infiltrating monocytes confirmed that 

the use of an inhibitor against the colony stimulating factor receptor 1 (CSF-1), achieved 

successful reduction in numbers of PD-L1 positive splenic, but not tumoural, suppressive 

monocytes in tumour bearing mice (416). This was associated with increased numbers of 

circulating and tumour infiltrating CD8+ T cells, with increased levels of T cell activation, 

despite no reduction in tumour infiltrating monocytic MDSC. Furthermore, when anti-CSF-1 

treatment was used in combination with a PD-L1 inhibitor numbers of tumour infiltrating 

monocytic MDSC were successfully reduced and a profound improvement in tumour 

response was observed (416). With the focus changing to granulocytes, Wang et al 
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demonstrated that within gastric cancer, tumour derived GMCSF was capable of enhancing 

the expression of PD-L1 on tumour associated granulocytes through the activation of 

JAK2/STAT3.  These PD-L1 expressing populations were in turn capable of inhibiting T cell 

proliferation and IFN-γ production and this affect was reduced by the inhibition of PD-L1 on 

granulocytes (417). Interestingly, recent research has identified that high patient neutrophil 

counts, with resultant increases in NLR, have a significant negative effect on the efficacy of 

immune check point blockade and can predict both response and survival (418-420).  From 

these findings it can be inferred that there is significant interplay between tumour associated 

and circulating myeloid cells, in particular granulocytes, with enhanced T cell suppression 

occurring via the PD-1/PD-L1 pathway. Through manipulation of both sides of the suppressive 

environment with a reduction of both the number of immunosuppressive cells, in addition to 

inhibiting the PD1/PD-L1 interaction, it can be hypothesised that improvements in 

therapeutic response to check point inhibitors can be achieved. 

In view of the complexity of the cellular cross-talk in cancer described above, we wished to 

determine whether treatment with either PD-L1 or PD-1 blockade, could lead to a reduction 

in cancer associated granulocytes in cancer patients, and whether their suppressive activity 

could be reversed through this mechanism. Within Chapter 1, it was demonstrated that within 

the tumour microenvironment PD-1 expression is enhanced in intra-tumoural T cells. 

Although the mechanism by which this up-regulation was regulated was not determined, 

STAT3 activation could be a prominent driver, as described above.  A hypothesis was 

therefore generated that in addition to the identified suppressive effect of granulocytes, the 

inflammatory micro-environment within mesothelioma could be activating the PD-1/PD-L1 
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pathway, further reducing the ability of T cells to effectively detect and respond to tumour 

growth.  

Current clinical trials examining the effects of PD-1 and PD-L1 inhibition are ongoing in a 

number of cancer types currently; however, within the time constraints of this PhD, access to 

specimens from a mesothelioma trial was not possible. It was therefore decided to study this 

mechanism within the setting of NSCLC, as it is possible that the principles of immune evasion 

are occurring in both tumour types. Samples were accessed from 2 clinical trials, The National 

Lung MATRIX trial (MATRIX) and PEPS-2, which utilised differing approaches to PD-1 pathway 

disruption. 

MATRIX, which is primarily designed to study precision medicine through providing targeted 

treatments to patients with NSCLC, incorporated an additional arm to enable those with no 

activating mutation to obtain a novel therapy. This arm provided a PD-L1 inhibitor, 

Durvalumab, which has evidence of activity in NSCLC (421). PEPS-2 was designed to assess the 

efficacy of, and tolerance to, the PD-1 antibody, Pembrolizumab, in performance status 2 

patients. Pembrolizumab had previously demonstrated improved PFS and OS in a phase III 

clinical trial in NSCLC which had not included PS-2 patients (301). In view of the fact that many 

lung cancer patients present with multiple co-morbid conditions and with advancing age, 

there is a real clinical need to explore treatments in patients with poorer PS.  

In addition to analysing the effect on granulocytes and T cells, a comprehensive exploratory 

analysis of monocytes was planned. Analysis of cell surface markers at baseline and sequential 

time points following treatment was planned, along with assessment of the suppressive 

activity of myeloid populations at baseline and post-treatment time points. Analysis of 
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changes in blood parameters and their association with patient factors and outcome was also 

planned.  
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5.2 Results 

5.2.1 The collection of whole blood specimens from patients with lung cancer 

The collection of whole blood specimens from patients with NSCLC (adenocarcinoma or 

squamous cell carcinoma), was carried out as part of the two clinical trials described above, 

MATRIX and PEPS2. In order for patients to be eligible for participation in MATRIX, they were 

required to have a histological diagnosis of NSCLC of either stage III or IV, and have failed at 

least one line of standard treatment, with documented radiological evidence of progressive 

disease. Patient tumour samples were required to have completed the screening process for 

actionable mutations and have sufficient tissue for PD-L1 staining by IHC. Performance status 

was required to be WHO 0-1 to meet eligibility. PEPS2 required patients to have a 

histologically confirmed diagnosis of NSCLC, with PD-L1 status confirmed by IHC. In contrast 

to MATRIX, this population were not required to have received prior lines of therapy and were 

eligible only if their performance status was WHO 2. This variability in patient criteria may 

lend itself to the enrolment of very different groups of patients, with baseline variations in 

their inflammatory profile.  

From the cohort of patients for MATRIX 20 samples were collected at enrolment, 17 at week 

2, 10 at week 6 and 8 at treatment completion. These specimens were not consistently 

sequential, with only 6 patients with all 4 time points, 9 patients with 3 time points and 14 

patients with time-points 1 and 2 (Table 5.1). PEPS2 provided a more extensive patient cohort, 

providing 46 samples at time point 1, 24 samples at time point 2 and 19 samples at time point 

3 (Table 5.2). 
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Patient characteristics for both trials are displayed in Tables 5.1 & 5.2. For MATRIX, the 

median age of patients was 65 (range 50-78), 48% were male, 56% had a diagnosis of 

adenocarcinoma and 32% squamous cell carcinoma, in 12% the histology was unspecified. 

28% of patients were stage III and 32% stage IV, 36% did not have their stage recorded. All 

patients enrolled in the trial were WHO PS 0-1. All MATRIX patients had received at least 1 

prior treatment, with 40% having received 2 lines, 16% 3 lines and a further 16% receiving 4 

lines before enrolment. Data on tumour PD-L1 positivity was not routinely collected therefore 

this was not available for inclusion within the analysis.  

Within PEPS2, median age of patients was 70.3 (range 43-87) and 55% were male. Data on 

cancer subtype or stage was not collected upon trial registration. The range of PD-L1 positivity 

was 0-100%, with a mean of 26.3%. All patients were required to be WHO PS 2. 83.6% of 

patients had received previous lines of treatment, with 23.6% receiving 1 line of treatment, 

32.7% 2 lines, 18.2% 3 lines and 9.1% 4 lines prior to trial enrolment.  

Throughout this chapter, for ease of interpretation, all data relating to PEPS2 is represented 

in black, MATRIX in blue and healthy controls in red.  
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Table 5. 1. Patient characteristics of National Lung Matrix Trial specimens 

Patient Characteristics (n=25) 

Variable n (%) 

Age  

Median (range) 67(50-78) 

Sex  

Male 12 (48) 

Female 13 (52) 

Histology  

Adenocarcinoma 14 (56) 

Squamous cell carcinoma 8 (32) 

Unknown 3 (12) 

PD-L1 Status   

Median (range) Unknown 

Cancer Stage  

III 7 (28) 

IV 8 (32) 

Unknown 9 (36) 

Performance Status   

0-1 25 (100) 

2 0 (0) 

Previously treated  

Yes 25(100) 

No 0(0) 

Previous lines of treatment  

1 7(28) 

2 10(40) 

3 4(16) 

4 4(16) 

Sample collection   

Time point 1: Pre-treatment  23 

Time point 2: 2 weeks 19 

Time point 3: 6 weeks 13 

Time point 4: End of treatment 12 
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Table 5. 2 Patient characteristics of PEPS2 trial specimens 

Patient Characteristics (n=55) 

Variable n (%) 

Age   

Median (range) 70.3 (43-87) 

Sex   

Male 30 (55) 

Female 25 (45) 

Histology   

Adenocarcinoma Unknown 

Squamous cell carcinoma Unknown 

PDL1 Status    

Mean (range) 26.3% (0-100) 

Cancer Stage   

III Unknown 

IV Unknown 

Performance Status    

0-1 0 

2 55 (100) 

Previously treated   

Yes 46 (83.6) 

No 9 (16.4) 

Previous lines of treatment    

1 13 (23.6) 

2 18 (32.7) 

3 10 (18.2) 

4 5 (9.1) 

Sample collection    

Time point 1: Pre-treatment  46 

Time point 2: Cycle 2 24 

Time point 3: Cycle 4 19 
  



Chapter 5 Results 

 

170 

 

5.2.2 The detection of abnormal immune populations in patients with lung cancer 

In order to determine whether the principles of the findings in patients with mesothelioma 

could be applied to patients with lung cancer, we hypothesised that an abnormal 

inflammatory environment, equivalent to that demonstrated in patients with mesothelioma, 

was also likely to exist in patients with lung cancer.  It has previously been demonstrated that 

neutrophil to lymphocyte ratio in NSCLC is significantly increased and has prognostic 

relevance (422,423), with granulocytes also representing the most abundant tumour 

infiltrating population in the setting of NSCLC (424), therefore we were confident that the 

principles applied were comparable.   In order to confirm these findings in this setting, relative 

percentages of whole blood monocytes, granulocytes and lymphocytes were examined, in the 

blood of patients with NSCLC. Patients enrolled into either MATRIX or PEPS2 provided 

baseline whole blood samples which were processed as described in chapter 2. Whole blood 

analysis was performed through flow cytometry to detect the presence of immune 

populations. Gradient separation with the use of Lymphoprep, was also performed to allow 

analysis of the PBMC compartment.  

In concordance with the findings in mesothelioma patients, abnormal populations of 

circulating granulocytes were detected in both patient cohorts. Patients within PEPS2 had a 

median percentage of 60.3% (range 20.1 to 87.6), versus 34.5% (range 15.1 to 66.4) in healthy 

comparators (Figure 5.1, A). Within patients enrolled in MATRIX a similar distribution was 

observed with median percentage of whole blood granulocytes of 56.6% (range 21.4 to 84.2), 

versus 35.9% (range 16.7 to 53.9) in healthy comparators. (Figure 5.1, B). These differences 

were highly significant with a p value of 0.0001 (analysed using a non-parametric Mann 

Whitney U test). 
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Due to the increased percentages of granulocytes, the relative percentage of T cells was 

significantly reduced in both cohorts (Figure 5.1 C, D), with resultant increases in Neutrophil 

to Lymphocyte ratios (NLR). Patients within PEPS2 and MATRIX demonstrated average NLR 

values of 5.7 and 5.4, respectively, compared to 1.2 within healthy donors (Figure 5.1 E, F). 

These findings imply that, as within patients with mesothelioma, NSCLC is associated with an 

abnormal inflammatory environment, with higher numbers of whole blood circulating 

granulocytes and resultant increases in neutrophil to lymphocyte ratios.  

In addition to abnormal granulocyte populations, higher percentages of CD14+ monocytic 

cells were also detected within the blood of patients from both PEPS2 and MATRIX trials. 

Within patients in PEPS2 and MATRIX, the median percentage of detected CD14+CD11b+ cells 

was 5.9% and 6.7%, respectively, compared to 3.7% and 3.5% in the comparable healthy 

samples (Figure 5.2, A and B). These differences were again highly significant when analysed 

using a Mann Whitney U test, with p values of <0.0001. 
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Figure 5. 1. Patients with NSCLC demonstrate abnormal peripheral blood profiles  

Blood was sampled from patients with NSCLC participating within PEPS2 (black dots, n=46) and 
MATRIX (blue dots, n=24) clinical trials. Flow cytometry analysis of whole blood was performed 
alongside blood samples from healthy controls (red dots, n=20 & n=24, respectively). (A, B) Scatter 
plots demonstrate percentage of  circulating CD11B+CD15+ granulocytes in patients and healthy 
controls. Increased percentages were observed in NSCLC patients, within both trial cohorts. (C, D) 
Scatter plots demonstrate percentage of CD3+ lymphocytes. Reduced percentages were observed in 
NSCLC patients. (E, F) The neutrophil to lymphocyte ratio (NLR) was calculated for trial patients and 
healthy controls. Scatter plots show an increase in NLR in patients, compared to healthy controls. 
Horizontal lines represent median values. Statistical analysis was performed using a Mann Whitney U 
test.   
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PEPS2                                                               MATRIX 

  

Figure 5. 2. Patients with NSCLC have increased percentages of CD14+ monocytic cells 

Blood was sampled from patients with NSCLC participating within PEPS2 (black dots, n=46) and 
MATRIX (blue dots, n=24) clinical trials. Flow cytometry analysis of whole blood was performed 
alongside blood samples from healthy controls (red dots, n=20 & n=24, respectively). Scatter plots 
demonstrate the percentage of CD11b+CD14+ monocytic cells in the blood of patients from both (A) 
PEPS2, and (B) MATRIX.  CD11b+CD14+ percentage was significantly higher than within healthy control 
samples. Horizontal lines represent median values. Statistical analysis was performed using a Mann 
Whitney U test. 
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5.2.3 The expression of cell surface signalling proteins is not significantly altered 

in circulating immune cells in NSCLC  

Further analysis of both circulating granulocytes, monocytes and T cells was carried out to 

assess their expression of the major histocompatibility complex molecule HLA-DR (Class II 

MHC), in addition to the checkpoint signalling molecules PD-L1 and PD-1. Both granulocytic 

and monocytic populations were assessed to determine the presence of HLA-DR negative 

subgroups, incapable of antigen presentation and immune activation, compared to healthy 

donors. 

As expected, granulocyte populations demonstrated lower HLA-DR expression than 

monocytic populations; however, there were large variations in expression in both groups. 

No HLA-DR negative sub-population was identified within patient samples, when compared 

to healthy controls (Figure 5.3 A-D).   
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PEPS2                                                                   MATRIX 

    

  

Figure 5. 3. HLA-DR expression is not altered on myeloid populations in patients with NSCLC 

(A) Scatter plot demonstrates flow cytometry analysis of whole blood CD14+HLA-DR-. Percentage 
CD14+HLADR- cells are shown for PEPS2 patients (black dots, n=46) and healthy controls (red dots, 
n=20). (B) Percentage CD14+HLADR- cells are shown for MATRIX patients (blue dots, n=23) and healthy 
controls (red dots, n=20). (C, D) Percentage CD15+HLA-DR- cells in PEPS2 and MATRIX patients, 
alongside healthy controls. Horizontal lines represent median values. Statistical analysis was carried 
out using a Mann Whitney U test.  
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Whole blood granulocyte populations did not demonstrate significantly higher expression of 

PD-L1 when compared to healthy controls in either PEPS2 or MATRIX. The median PD-L1 

expression seen on granulocytes obtained from PEPS2 was 10.5%, with a range from 0.5% to 

48.8%. Within samples from MATRIX median PD-L1 expression was 5%, with a range from 

0.2% to 31.5%. Healthy granulocyte samples showed median PD-L1 expression of 6.6% and 

3.3%, respectively (Figure 5.4 A, B). Tumour associated granulocytes could not be assessed 

due to the nature of the trial samples. 

Whole blood monocytes demonstrated overall higher surface expression of PD-L1 although, 

as seen with HLA-DR expression, PD-L1 expression was widely variable between samples. 

Within PEPS2 median PD-L1 expression on CD14+ monocytic cells was 68.1%, ranging from 

6% to 98.8%. Analysed healthy samples showed a similar range, between 3.8% to 82.6%; 

however, the median expression was significantly lower at 45.6% (p=0.0084, analysed by 

Mann Whitney U test). Samples obtained from MATRIX showed lower PD-L1 expression than 

that detected in PEPS2, with median expression of 45.7%, ranging from undetectable (0%) to 

97%. This was not statistically different to healthy CD14+ PD-L1 expression of 30.5% (range 

0.5-89%) in this cohort. (Figure 5.4 C, D). The two healthy comparator populations were not 

statistically different.  

Circulating T cell expression of PD-1 was also assessed within both trial populations. Within 

PEPS2 the median level of PD-1 expression on patient T cells was 27.3%, ranging from 2% to 

52.5%. This was significantly higher when compared to 18% (range 9.5-24.5%) in healthy 

comparators, p=0.0084 (Mann Whitney U test) (Figure 5.4 E). In patients within MATRIX, there 

was no statistical difference to healthy comparators in the expression of PD-1 on T cells, 

consistent with the findings of lower PD-L1 expression on CD14+ cells. Median PD-1 
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expression on T cells was 19.4%, ranging from 6% to 40%. Healthy samples showed a median 

expression of 17.2% (range 9.5-33%) (Figure 5.4 F).  

In view of the trial design of PEPS2, PD-L1 expression within tumours was also carried out as 

part of trial enrolment. This was not performed within our laboratory, but results were made 

available to us as part of the sample analysis.  Expression was variable with samples showing 

ranges from 0 to 100% PD-L1 expression. Median PD-L1 expression within tumour samples 

was 4%, owing to a large number of samples with very low expression. Of the 55 patients 

included in this analysis, 24 samples (52.2%) showed no PD-L1 expression, 16 samples (34.8%) 

showed expression between 1 and 49% and the remaining 14 samples (30.4%) showed PD-L1 

expression >50% (Figure 5.5 A). One patient had no recorded tumour PD-L1 expression.  When 

examining the PEPS2 cohort there was no correlation between tumour PD-L1 expression, 

circulating granulocyte, monocyte or T cell PD-1 expression (Figure 5.5 B-D).  

Although patients enrolling into MATRIX were recommended to have their tumour PD-L1 

status assessed as part of the trial protocol, this information was not collected at enrolment 

and therefore could not be obtained.  

The notable differences in expression of both PD-1 and PD-L1 on lymphocytes and myeloid 

cells within the 2 trial cohorts was of interest, therefore patient factors were examined to 

determine whether age, number of treatment lines, or cancer stage were associated with the 

higher levels of expression seen within PEPS2. No relationships could be identified to explain 

these differences. The only factor which stood out as a variation between the 2 populations 

was performance status, due to the nature of enrolment into each trial. When comparing the 

2 trial cohorts, PEPS2 patients showed significantly higher PD-L1 expression on both CD15+ 
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granulocytes and CD14+ monocytes, p=0.027 and p=0.0043, respectively. Significantly higher 

PD-1 expression on T cells was also detected within PEPS2 patients, with a p value of 0.0129 

(Mann Whitney U test). When exploring factors that could account for these differences, only 

the trial cohort, or performance status appeared to separate these populations (Figure 5.6 A-

C).  
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PEPS2                                                                 MATRIX 

   

  

  

Figure 5. 4. The expression of checkpoints in the peripheral blood of patients with NSCLC 

The surface expression of PD-L1 and PD-1 upon whole blood myeloid cells and lymphocytes were 
examined through flow cytometry for patients within PEPS2 (black dots, n=42) and MATRIX (blue dots, 
n=22). Samples were compared to healthy controls (red dots, n=20). (A, B) Percentage PD-L1 
expression on CD15+ granulocytes is displayed for PEPS2 and MATRIX cohorts. (C) Percentage PD-L1 
expression on CD14+ monocytes from patients within PEPS2. PD-L1 percentage was significantly 
higher when compared to healthy controls (p=0.0084). (D) Percentage PD-L1 expression on CD14+ 
monocytes from MATRIX trial patients. (E) Percentage PD-1 expression on CD3+ lymphocytes from 
patients enrolled in PEPS2; percentages were significantly higher when compared to healthy controls 
(p=0.003). (F) Percentage PD-1 expression on CD3+ lymphocytes within patients enrolled in MATRIX. 
Horizontal lines represent median values. Statistical analysis carried out using a Mann Whitney U test.   

Patient (Cycle 1) Healthy
0

10

20

30

40

50

p = 0.1067

%
 P

D
L

1
 o

n
 C

D
1

5
+

 c
e

ll
s

Patient (Cycle 1) Healthy
0

10

20

30

40

50

p = 0.2376

%
 P

D
L

1
 o

n
 C

D
1

5
+

 c
e

ll
s

Patient (Cycle 1) Healthy
0

20

40

60

80

100

p = 0.0084

%
 P

D
L

1
 o

n
 C

D
1

4
+

 c
e

ll
s

Patient (Cycle 1) Healthy 
0

20

40

60

80

100

p = 0.3741

%
 P

D
L

1
 o

n
 C

D
1

4
+

 c
e

ll
s

Patient (Cycle 1) Healthy
0

20

40

60
p=0.0030

%
 P

D
1

 o
n

 C
D

3
+

 c
e

ll
s

Patient (Cycle 1) Healthy
0

20

40

60

0.5289

%
 P

D
1

 o
n

 C
D

3
+

 c
e

ll
s

A B 

C D 

E F 



Chapter 5 Results 

 

180 

 

PEPS2 

 

  

 

Figure 5. 5. Correlation between checkpoint expression on tumour cells and peripheral blood  

(A) Upon enrolment within the PEPS2 trial patient tumour samples were tested by 
immunohistochemistry to determine PD-L1 expression. These studies were performed within clinical 
laboratories and results made available to our research for analysis. Scatter plot demonstrates 
percentage PD-L1 expression on tumour tissues. Median expression was 4%, ranging from 0-100%. 
Correlation plots were drawn between tumour PD-L1 expression and PD-L1 on whole blood CD14+ (B) 
and CD15+ cells (C), and expression of PD-1 on CD3+ cells (D). R squared demonstrates goodness of 
fit, with corresponding p values. No correlations were observed.   
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Figure 5. 6. Associations between performance status and PD-L1 expression 

In view of the significant differences in PD-L1 and PD-1 expression observed in patients within PEPS2, 
patient factors were examined to assess for any correlation with higher PD-L1 or PD-1 expression. No 
association was detected between age, previous treatment lines or cancer stage (not shown). As the 
two trials were divided by performance status (PS), this factor could account for the differences in PD-
L1 and PD-1 expression. Scatter plots demonstrate differences between the PS 1 and PS 2 patients 
were detected when examining (A) CD15+ PD-L1 expression, (B) CD14+PD-L1 expression and (C) CD3+ 
PD-1 expression. Horizontal lines represent median values. Statistical analysis was carried out using a 
Mann Whitney U test.  
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5.2.4 The effect of PD-1 and PD-L1 blockade on circulating immune populations 

Following treatment with either systemic PD-1 or PD-L1 antibodies, we wished to assess 

whether there was any impact on the number of circulating granulocytes, monocytes and T 

cells. In addition, the effect of PD-1 and PD-L1 expression on these circulating populations 

was also examined.  

Specimens from PEPS2 were collected at 3 time points; pre-treatment (cycle 1), pre-cycle 2 

(cycle 2), and pre-cycle 4 (cycle 4). At the time of analysis, the number of matched samples 

was low, with only 23 patients having time points 1 and 2, and 10 patients having samples 

taken for all 3 time points. Two patients were recorded at time point 2 and 3, but not pre-

treatment. Fourteen patients were recorded only at time point 1 and eight patients were 

recorded only at time point 2.   

When looking at all samples combined, there were no significant changes in overall numbers 

of circulating granulocytes following treatment with the PD-1 antibody, Pembrolizumab 

(Figure 5.7 A). Examining paired samples also showed no change in circulating numbers of 

granulocytes (consecutive samples are demonstrated in black). Similarly, there were no 

observed changes in the numbers of circulating CD14+ monocytic cells (Figure 5.7 B). No 

significant changes were observed in PD-L1 expression upon circulating CD15+ granulocytes 

or CD14+ monocytes (Figure 5.7 C, D). 
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Figure 5. 7. Sequential changes in peripheral myeloid populations in PEPS2 trial patients 

Analysis of patient whole blood was carried out by flow cytometry prior to the start of Pembrolizumab 
treatment (Cycle 1, n=46) and at the point of receiving cycle 2 (n=31) and cycle 4 (n=18). (Treatment 
cycles were each 3 weeks apart). Patients with consecutive samples are represented in black and 
single patients in colour. (A, B) Scatter plots demonstrate percentages of circulating CD11b+CD15+ 
granulocytes and CD11b+CD14+ monocytes at cycles 1, 2 and 4. (C, D) Scatter plots demonstrating 
percentage PD-L1 expression on CD15+ and CD14+ populations at cycles 1, 2 and 4. No significant 
changes were observed with sequential cycles.  Horizontal lines represent median values, statistical 
analysis has been carried out using a Kruskal Wallis ANOVA with Dunn’s correction for multiple 
comparisons.  
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Upon examination of T cell numbers there were again, no changes following the initiation of 

treatment and T cell percentages within patients remained low. In contrast to this, the levels 

of detectable PD-1 expression were significantly altered following treatment, with a dramatic 

reduction in expression from median of 27.3% at cycle 1, to 1.4% and 1.3% at cycles 2 and 4, 

respectively (Figure 5.8, A, B).  

The reduction in detection of Pembrolizumab was believed to be due to concealment of the 

PD-1 protein on the surface of T cells. The pembrolizumab epitope of PD-1 is made up of 

several discontinuous segments, with multiple sites of binding between the PD-1 protein and 

Pembrolizumab within the PD-L1 binding region (425). Pembrolizumab occupies a larger 

surface area than native PD-L1 and induces conformational changes in the PD-1 protein (425). 

It is therefore likely that the binding epitope of our antibody is either unable to bind due to 

concealment by Pembrolizumab, or due to a fundamental change in epitope structure, 

preventing stable binding.  The long half-life of Pembrolizumab at 27 days, will also suggest 

that at the start of each 21 day cycle, it can be expected that the antibody is still bound to 

circulating T cells (426). 

Information on the exact epitope bound by our antibody was not commercially available.  
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Figure 5. 8. Sequential changes in peripheral lymphocyte populations in PEPS2 trial patients 

Analysis of patient whole blood was carried out by flow cytometry prior to the start of Pembrolizumab 
treatment (Cycle 1, n=46) and at the point of receiving cycle 2 (n=31) and cycle 4 (n=18). (Treatment 
cycles were each 3 weeks apart). Patients with consecutive samples are represented in black and 
single patients in colour. (A) Scatter plot demonstrates percentage of CD3+ cells within whole blood 
at cycles 1, 2 and 4. There were no observed changes with sequential cycles. (B) Scatter plot 
demonstrates percentage of PD-1+CD3+ cells within whole blood at cycles 1, 2 and 4. A reduction in 
the level of detectable PD-1 on CD3+ was detected at cycle 2 and sustained at cycle 4. The reduction 
in PD-1 detection was highly significant (p<0.0001). Horizontal lines represent median values, 
statistical analysis has been carried out using a Kruskal Wallis ANOVA with Dunn’s correction for 
multiple comparisons.  
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For patients within MATRIX, each received treatment with the PD-L1 antibody, Durvalumab. 

20 of 24 patients had consecutive samples. Specimens were collected pre-treatment (Cycle 

1), before the second cycle of treatment (Cycle 2) and prior to their fourth treatment (Cycle 

4). Each cycle length was 2 weeks. Samples were also collected at the point a patient ended 

treatment, due to progression or secondary to drug toxicity. These samples are recorded as 

“end of treatment” (EOT).  

As observed within samples from PEPS2, there were no overall significant changes in the 

percentage of circulating CD15+ granulocytes or CD14+ monocytes in consecutive samples 

following cycle 1 (Figure 5.9 A, B). An increase the percentage of CD15+CD11b+ was observed 

at cycle 4 in patients from MATRIX however, with median percentages increasing from 55.7% 

to 68.5%. In view of this observation, paired analysis was applied to these populations and 

this revealed a significant relationship, p=0.0211 (Wilcoxon matched pairs singed rank test). 

PD-L1 expression on CD15+ cells was low at enrolment and did not significantly change 

following treatment (Figure 5.9, C). PD-L1 expression on CD14+ cells did not change 

significantly during treatment (Figure 5.9, D). Although no significant changes were detected, 

when examining patterns of expression of PD-L1 on CD14+ cells, median expression was seen 

to be higher at the end of treatment, at 66.4%, compared to 45.7% pre-cycle 1. This is an 

interesting observation and higher sample numbers are needed to demonstrate whether this 

could represent a true change in expression. 

In contrast to the inhibition of PD-1 binding and detection in patient samples following 

treatment with Pembrolizumab, PD-L1 continued to be detectable at all time points following 

administration of Durvalumab. This may be due to our antibody either binding at a different 
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epitope on the PD-L1 molecule, or due to loss of PD-L1 binding at the time of testing.  

Durvalumab has been shown to bind at five of six complementarity determining regions 

(CDRs) on the PD-L1 molecule yet, bound with an individual epitope, when compared to other 

commercial PD-L1 antibodies (427). It is therefore possible that if Durvalumab remained 

bound, regions of the molecule would be accessible for additional antibody binding.   

The half-life of Durvalumab is approximately 17 days (428), therefore if cells remained viable, 

it should be expected for antibody to remain present at the start of each cycle. However, the 

natural life span of many myeloid cells is less than 7 days (429), therefore myeloid cells tested 

pre-treatment would not be bound by antibody. The binding of Durvalumab within tissues 

could not be assessed due to the nature of the samples obtained.  
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Figure 5. 9. Sequential changes in peripheral myeloid populations in MATRIX trial patients 

Within the MATRIX trial, analysis of patient whole blood was carried out by flow cytometry prior to 
the start of Durvalumab treatment (Cycle 1, n=24), at the point of receiving cycle 2 (n=18), cycle 4 
(n=14) and at the end of treatment (EOT, n=12). Treatment cycles were each 2 weeks apart. Patients 
with consecutive samples are represented in blue and single patients in red. (A, B) Scatter plots 
demonstrate percentage of circulating CD11b+CD15+ granulocytes and CD11b+CD14+ monocytes at 
cycles 1, 2, 4 and EOT. (C, D) Scatter plots demonstrate percentage PD-L1 expression on  CD15+ 
granulocytes and CD14+ monocytes. No significant changes were observed with sequential cycles. 
Horizontal lines represent median values, statistical analysis has been carried out using a Kruskal 
Wallis ANOVA with Dunn’s correction for multiple comparisons.  
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Following treatment in MATRIX with Durvalumab a reduction in the percentages of circulating 

CD3+ leucocytes was observed, with median percentage decreasing from 13.2% in week one, 

to 9.7% and 11.7% at week 2 and 6, respectively. When analysed as a group, this data did not 

show significance; however, when matched samples were analysed, a significant reduction of 

CD3+ T cells was detected at week 2 (p=0.0204, Wilcoxon matched pairs signed rank test). 

(Figure 5.10 A, B). The expression of PD-1 on T cells was not significantly altered, although at 

week 6 there was a suggestion of higher expression seen, with median expression increasing 

from 19% to 24.4% (Figure 5.10 C). The hypothesis was that the PD-L1 antibody should create 

an enhanced inflammatory environment therefore, I would have expected to see increasing 

numbers of circulating T cells and lower expression of PD-1 on such cells.   
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Figure 5. 10.  Sequential changes in peripheral lymphocyte populations in MATRIX trial patients 

Analysis of patient whole blood was carried out by flow cytometry prior to the start of Durvalumab 
treatment (Cycle 1, n= 24), at the point of receiving cycle 2 (n=18) and cycle 4 (n=14), and at the end 
treatment (EOT, n= 12). Treatment cycles were each 2 weeks apart. Patients with consecutive samples 
are represented in blue and single patients in red. (A) Scatter plot demonstrates percentage of 
circulating CD3+ lymphocytes at all 4 time points. There were no observed changes in the overall 
number of circulating CD3+ lymphocytes. (B) Scatter plot showing detection of CD3+ lymphocytes in 
matched patient samples at cycles 1 and 2 (n=17). A significant reduction in CD3+ lymphocytes was 
observed at cycle 2, p=0.0204, (Wilcoxon matched pairs signed rank test). (C) Scatter plot 
demonstrating expression of PD-1 on circulating CD3+ lymphocytes at all 4 time points. No changes 
were observed with sequential cycles. Horizontal lines represent median values, statistical analysis 
has been carried out using a Kruskal Wallis ANOVA with Dunn’s correction for multiple comparisons.  
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5.2.5 The effect of PD-1 and PD-L1 inhibition on the suppressive activity of CD15+ 

and CD14+ cells 

Following the detection of high concentrations of circulating CD15+ granulocytes and CD14+ 

monocytes in patients recruited within both clinical trials, the suppressive function of these 

populations was assessed through T cell suppression assays. Following gradient separation of 

blood, CD15+ and CD14+ cells were isolated through magnetic bead separation. Cells were 

then counted and plated within 96 well plates at 4 concentrations, from 4x106 per ml, 

reducing to 0.5x106 per ml (Figure 5.11).  Allogeneic T cells were plated within the same well 

and stimulation was achieved through anti-CD3 and anti-CD28. Proliferation was assessed at 

96 hours by thymidine incorporation.  

High levels of suppression occurred with all populations, including healthy controls, at 

concentrations of 1 T cell to 1 myeloid cell and this persisted within some healthy controls at 

1 T cell to 0.5 myeloid cells, particularly within CD14+ proliferation assays. At lower 

concentrations sustained T cell proliferation was seen within healthy controls, but persistent 

T cell suppression in patient samples from both PEPS2 and MATRIX. To ensure that the 

observed differences were not due to the culture conditions, for example over-crowding of 

cells within wells preventing T cell expansion, overall differences between suppressive activity 

were examined at the ratio of 1 T cell to 0.25 myeloid cells.  
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                        PEPS2                                        MATRIX                                    HEALTHY 

 

 

Figure 5. 11. T cell proliferation assays in patients and healthy controls 

CD15+ and CD14+ cells were isolated from whole blood obtained from healthy donors and patients 
within the PEPS2 and MATRIX trials, prior to commencing treatment. Cells were plated with allogeneic 
T cells at reducing concentrations (1:1 to 1:0.125). T cells were stimulated with anti-CD3 and anti-CD28 
antibodies. Thymidine was added to plates after 96 hours of culture and thymidine incorporation was 
used to determine proliferation. T cells cultured alone, and T cells cultured with CD3 and CD28, were 
used as internal plate controls. Proliferation was calculated as a percentage of control T cell 
proliferation. Populations of CD15+ and CD14+ cells from patients enrolled in PEPS2 (A and D) and 
MATRIX (B and E) were capable of suppressing T cell proliferation at both high and low concentrations. 
Recovery of T cell proliferation occurred earlier in healthy samples (C and F), as compared to patients. 
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Consistent with the findings in mesothelioma that circulating granulocytes were suppressive 

to T cells, it was demonstrated that CD15+ granulocytes isolated from the whole blood of lung 

cancer patients were capable of T cell suppression. Within both trial populations variable 

suppression of allogeneic T cells was observed prior to initiation of treatment. Within patients 

of the PEPS2 trial greater suppressive activity was recorded than within MATRIX (Figure 5.12 

A, B). The suppressive activity of CD15+ granulocytes from both PEPS2 and MATRIX patients 

was significantly different to that of healthy controls, with p values of 0.0003 and 0.0192, 

respectively (non-parametric Mann Whitney U test).  

When examining the function of CD14+ monocytic cells we also observed suppression of 

allogeneic T cells within proliferation assays in both cohorts, again with samples from PEPS2 

showing greater suppressive activity than those of MATRIX (Figure 5.12 C, D). This relationship 

was again statistically significant when comparing both PEPS2 samples and healthy controls 

(p=0.0001), and in the comparison of MATRIX samples with healthy controls (p=0.0058).   

The question of greater interest, however, was whether following treatment with either PD-

1 or PD-L1 blockade the suppressive activity of myeloid populations could be altered. The 

ability of both cell groups to cause T cell suppression was therefore re-assessed following 

treatment at multiple time points (Figure 5.12). Within PEPS2 there was no trend towards 

either reduced or increased suppression between the pre-treatment or cycle 2 samples. There 

was a slight trend towards greater suppression at cycle 4, however, sample number was low 

at this time point and no significant relationship could be identified (Figure 5.12, A). There 

was also no evidence of altered suppressive capability of CD15+ cells within samples of the 

MATRIX trial at any of the 3 post-treatment time points (Figure 5.12, B). When examining the 
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suppressive activity of CD14+ cells in both populations, there again appeared to be no change 

in the suppressive action of cells following treatment (Figure 5.12 C, D).  
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PEPS2                                                                 MATRIX 

  

   

Figure 5. 12.  Sequential changes in T cell suppression following PD-1/PD-L1 blockade 

The suppressive action of CD15+ and CD14+ cells was assessed at cycle 1 (pre-treatment), cycles 2 and 
cycle 4 for both PEPS2 and MATRIX trials. An “end of treatment” (EOT) sample was also obtained for 
MATRIX patients. Scatter plots demonstrate the percentage of T cell proliferation, relative to control. 
(A, B) Scatter plots represent percentage T cell proliferation, following suppression assays with CD15+ 
granulocytes from PEPS2 and MATRIX patients at each cycle. Healthy controls are plotted in red. (C, 
D) Scatter plots represent percentage T cell proliferation, following suppression assays with CD14+ 
monocytes from PEPS2 and MATRIX patients at each cycle. Healthy controls are plotted in red. CD15+ 
and CD14+ cells were suppressive within both cohorts, when compared to healthy controls (Mann 
Whitney U test). No sequential changes in suppressive activity were observed in either cohort (Kruskal-
Wallis ANOVA with Dunn’s correction for multiple comparisons).  
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As it was clear that a broad variation in suppressive activity existed, samples which had shown 

suppressive activity at the pre-treatment time point were analysed separately. Samples were 

segregated into “suppressive” and “non-suppressive” populations. For CD14+ cells this was 

defined as a reduction of T cell proliferation of greater than 50%; however, with CD15+ 

populations this was defined as a reduction of T cell proliferation of greater than 25%, due to 

the fact that there were insufficient samples which suppressed beyond 50% to complete the 

analysis. For samples to be included in this analysis they also were required to have at least 

one matched sample collected at a later time point, in order to perform a paired analysis. 

There were 10 samples (28%) obtained from patients enrolled within PEPS2 from time point 

1, with matched consecutive time points, which produced T cell suppression of greater than 

25%. Within MATRIX there were 8 samples (40%) identified that fit these criteria.  At time 

point 2, prior to the second cycle of treatment, there was evidence of increased T cell 

proliferation within both trial populations; however, neither relationship reached 

significance. The small numbers in this analysis are likely to impact on this effect (Figure 5.13 

A, B).  

Analysis of CD14+ populations demonstrated 8 patients within each trial population with T 

cell suppression below 50% of control. This accounted for only 22% of patients within the 

PEPS2 population but 40% within the MATRIX population. An increase in average T cell 

proliferation was seen within samples from MATRIX patients, but again these changes were 

non-significant. This increase in T cell proliferation appeared to be sustained at later time 

points but numbers were too few at these time points to draw conclusions (Figure 5.13 C, D).  
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PEPS2                                                                       MATRIX 

   

  

Figure 5. 13. Improvements in suppressive activity following PD-1/PD-L1 blockade 

Suppressive samples were selected from both PEPS2 and MATRIX cohorts to determine whether 
disruption of the PD-1/PD-L1 pathway could lead to rescued T cell proliferation. (A, B) Scatter plots 
demonstrate T cell proliferation in the presence of CD15+ cells from PEPS2 and MATRIX patients. Only 
samples with a reduction in T cell proliferation of 25% or higher at cycle 1, are shown. Matched 
samples are plotted for cycles 2, 4 and EOT. (C, D) Scatter plots demonstrate T cell proliferation in the 
presence of CD14+ cells, where a reduction in T cell proliferation of 50% or higher, occurred at cycle 
1. Matched samples are shown for cycles 2, 4 and EOT. No significant changes were observed. 
Statistical analysis was performed using Wilcoxon matched pairs signed rank test. Horizontal lines 
represent median values.  
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In view of the overall findings of greater T cell suppression within patient cohorts, we wished 

to establish whether any characteristics of these suppressive subgroups could be attributed 

to their enhanced suppressive activity. Factors explored included percentage of CD15+ or 

CD14+ circulating cells, the HLA-DR and PD-L1 status of these cell populations, and patient 

factors including age, tumour PD-L1 % (within PEPS2 only) and number of previous 

treatments.  

Within PEPS2 patients, there was a trend for higher suppression with higher CD15+ whole 

blood percentages. When analysed by linear regression, there was a significant relationship 

between higher CD15% and greater suppressive activity (p=0.0295) (Figure 5.14 A). A 

relationship between CD14% and suppressive activity in PEPS2 samples was not evident 

(Figure 5.14 B). No relationship could be appreciated between expression of HLA-DR on 

CD15+ cells; however, HLA-DR positivity on CD14+ cells correlated with greater levels of 

suppression. This was contrary to the initial hypothesis (Figure 5.14 D).  No relationship 

between PD-L1 positivity and suppressive activity was detected with either population (Figure 

5.14 E, F).  

Upon the examination of patient factors including age, tumour PD-L1 expression and the 

number of previous treatments received prior to entering the trial, no significant relationships 

were observed within the PEPS2 population.  

Within MATRIX patients, no significant relationships were observed with any of the tested 

variables. Interestingly, there appeared to be a trend towards greater suppression in patients 

with lower percentages of CD15+ cells, the opposite of the relationship observed within 

PEPS2. For HLA-DR expression, a trend was again seen for greater suppressive activity in 
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patients with higher HLD-DR positivity on CD14+ cells, this did not reach significance. The 

small number of samples obtained within MATRIX limited this form of analysis.   
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Figure 5. 14. Correlation between peripheral blood profiles and suppressive activity within PEPS2 
trial patients  

To determine whether there were any identifiable factors associated with increased suppressive 
activity of either CD15+ and CD14+ populations from PEPS2 patients, correlation plots were created 
for multiple variables. Plots demonstrate correlation between T cell proliferation and (A) Whole blood 
CD11b+CD15+ percentage, (B) Whole blood CD11b+CD14+ percentage, (C) HLA-DR expression on 
CD15+ cells, (D) HLA-DR expression on CD14+ cells, (E) PD-L1 expression on CD15+ cells and (F) PD-L1 
expression on CD14+ cells. R squared demonstrates goodness of fit, with corresponding p values. 
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Figure 5. 15. Correlation between peripheral blood profiles and suppressive activity within MATRIX 
trial patients 

To determine whether there were any identifiable factors associated with increased suppressive 
activity of either CD15+ and CD14+ populations from MATRIX patients, correlation plots were created 
for multiple variables. Plots demonstrate correlation between T cell proliferation and (A) Whole blood 
CD11b+CD15+ percentage, (B) Whole blood CD11b+CD14+ percentage, (C) HLA-DR expression on 
CD15+ cells, (D) HLA-DR expression on CD14+ cells, (E) PD-L1 expression on CD15+ cells and (F) PD-L1 
expression on CD14+ cells. R squared demonstrates goodness of fit, with corresponding p values. 
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5.2.6 Correlation with patient outcome data 

Following the analysis of the whole blood profile and suppressive activity, we wished to 

understand whether either of these factors impacted on patient outcome, in terms of 

response to treatment and both progression free and overall survival. At the time of 

completion of this thesis, only data from PEPS2 was available for analysis in this format.  

Response and survival data available at the time of writing of this thesis are demonstrated in 

table 5.3 and 5.4. In terms of response rates, 27% of patients saw response to treatment, with 

a further 30% having stable disease. These results are comparable to other PD-1/PD-L1 

studies (302); however, as these patients had mostly received prior therapies, these 

outcomes were  reduced compared to those seen within the first line phase III trial on 

Pembrolizumab in NSCLC (143). Median progression free and overall survival were 126 and 

250 days, respectively.  

Data were examined on whole blood myeloid and T cell percentages, surface marker 

expression of HLA-DR, PD-1 and PD-L1 and suppressive function of both CD15+ and CD14+ 

populations to determine whether any factors could be associated with, or predict, patient 

outcome or survival.  

Response to treatment was measured in 3 categories; partial response, stable disease or 

progressive disease. Outcomes were not available for all patients, leaving a fourth category 

of unrecorded. No relationships were observed between blood parameters or suppressive 

activity and response to treatment. The division of baseline markers into 4 categories led to 

minimal interpretation as numbers in each category were low. This meant that any observed 

relationship would have to be large in order to be detected. When looking at both PFS and 
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OS, univariate correlation plots were drawn between each whole blood variable, in addition 

to suppressive activity. Linear regression was then used to assess for a significant relationship. 

Non-parametric analysis was applied in view of the nature of the variables.  

There were no associations observed between the suppressive activity of CD15+ or CD14+ 

populations and PFS or overall survival.  When examining whole blood parameters neither 

baseline CD15% or CD14% appeared to influence progression free survival. Further analysis 

of sub-populations of CD14+ populations including CD14+CD16- classical monocytes, also 

showed no association with response or survival. As prior associations have been made 

between populations of HLA-DR low monocytes and outcome following treatment with the 

CTLA-4 antibody Ipilimumab (317), both total CD11b+CD14+ and CD14+CD16- populations 

were analysed according to HLA-DR positivity. Levels of HLA-DR positivity were not shown to 

be associated with outcome following treatment.  

Along with the predictive value of myeloid populations, low lymphocyte percentages have 

also been associated with outcome following PD-1 and CTLA-4 inhibition (317,430). The 

relative percentages of CD3+ lymphocytes in patients was examined and a significant 

relationship between low numbers of circulating CD3+ cells and shorter progression free 

survival was observed, p=0.0458 (Figure 5.16 E).  This relationship continued to be observed 

with overall survival, with lower CD3 percentages again being associated with poorer overall 

survival, p=0.0408 (Figure 5.16 F). When looking at overall survival times, patients surviving 

less than one year showed average T cell percentages of 12.8 compared to 17.3 in patients 

surviving for greater than one year.  
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Expression of PD-L1 on tumour tissues is an accepted marker of predicting response to 

treatment with anti-PD-1 therapy (301). However, the relevance of expression of this marker 

on the wider immune microenvironment is not known. PD-L1 expression on CD15+ and CD14+ 

myeloid populations was therefore examined. No association was detected between the 

expression of PD-L1 on CD15+ populations and patient outcome. In contrast, higher PD-L1 

expression on CD14+ populations was associated with poorer overall survival (Figure 5.17 B).  

This relationship was significant with a p value of 0.0231. Exploring this data showed that 

those patients surviving less than 6 months demonstrated median CD14 PD-L1 expression of 

72.7%, compared to 56.8% in those surviving over 6 months.  In patients with survival over 

one year, median PD-L1 expression was 53.2%. Baseline PD-1 expression on CD3+ T cells 

showed no association with PFS or OS.  

In view of the association of low numbers of circulating T cells and OS, we also wished to 

examine the neutrophil-lymphocyte ratio as a predictor of outcome following treatment as 

this reflects the relationship between low T cell numbers and high neutrophil counts. The NLR 

has previously been shown to be an independent marker of PFS and OS in patients with 

advanced malignancy treated the immunotherapy agents ipilimumab (431) and Nivolumab 

(418-420), although is not yet an accepted prognostic or predictive marker. Within this study, 

the NLR at baseline did not appear to show a relationship to PFS; however, there was a visible, 

but non-significant, trend towards higher baseline NLR predicting poorer overall survival 

(Figure 5.18 A, B). In addition, when examining those patients with an NLR of < 5 median OS 

was notably different, with 419 days compared with 207 days in those with an NLR > 5.  In 

view of the observed trend, subsequent time points were examined. At cycle 2, the NLR was 

significantly associated with poorer progression free and overall survival, p=0.0246 and 
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p=0.001, respectively. When the cycle 2 subgroup was divided by NLR of < 5, there was a 

significant improvement in median survival with 515 days versus 246 days in those with an 

NLR > 5, p=0.0215 (Chi square). This finding of serial measurement of NLR as a predictive 

marker for both anti-CTLA4 and anti-PD1 therapy has also been observed, with a stronger 

relationship to outcome demonstrated by the NLR at a 6 week time point by Lalani et al (432) 

and at both 7 and 10 weeks post-treatment by DiGiacomo et al (433). These findings perhaps 

emphasise the importance of the NLR as a prognostic/predictive biomarker, as normalisation 

of blood parameters in responding patients may allow prediction of better overall outcome 

(Figure 5.18 C, D).  
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Table 5. 3. Treatment effect on progression free and overall survival by best response  

Best Response No. (%) Median PFS, days 

(range) 

Median OS, days 

(range) 

Partial response 17 (27.5) 424 (216-518) 500 (216-643) 

Stable disease 19 (30.7) 126 (68-452) 278 (89-714) 

Progressive disease 9 (14.5) 57 (48-196) 152 (74-591) 

Not recorded 17 (27.5) 47 (13-301) 45 (13-367) 

  

 

Table 5. 4. Combined progression free and overall survival for all patients 

Median PFS, days (range) 126 (13-518) 

Median OS, days (range) 250 (13-714) 
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Figure 5. 16. Correlation between peripheral blood profiles and patient survival within the PEPS2 
trial  

Correlation plots were generated to observe relationships between baseline patient blood profiles 
and clinical outcome. (A, B) Correlation of baseline CD11b+CD15+ percentage and progression free 
(PFS) and overall survival (OS), (n=46). (C, D) Correlation of baseline CD11b+CD14+ percentage and 
PFS and OS, (n=46). (E, F) Correlation of baseline CD3+ percentage and PFS and OS, (n=45). Analysis 
was performed using non-parametric linear regression. R squared demonstrates goodness of fit, with 
corresponding p values. Significant relationships are represented in green.  
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Figure 5. 17. Correlation between checkpoint expression and patient survival within the PEPS2 trial  

Association of the expression of the surface markers PD-L1 and PD-1 and progression free survival 
(PFS) and overall survival (OS) was examined. (A, B) Correlation of % PD-L1 expression on CD15+ cells 
and PFS and OS, (n=45). (C, D) Correlation of % PD-L1 expression on CD14+ cells and PFS and OS, 
(n=45). (E, F) Correlation of % PD1 expression on CD3+ lymphocytes and PFS and OS, (n=42). Analysis 
was performed using non-parametric linear regression. R squared demonstrates goodness of fit, with 
corresponding p values. Significant relationships are represented in green.  
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Figure 5. 18. Associations between the NLR and patient survival within the PEPS2 trial  

Relationships between the NLR and patient outcome were assessed. (A, B) Correlation plots were 
produced between baseline NLR and progression free survival (PFS) and overall survival (OS). No 
significant relationships were observed. (C, D) Correlation between cycle 2 NLR, and PFS and OS. 
Analysis was performed using non-parametric linear regression. R squared demonstrates goodness of 
fit, with corresponding p values. Significant relationships are represented in green. (E) Kaplan Meier 
plot showing survival in relation to cycle 2 NLR. Survival curves show patients grouped by NLR >5 
(black) or NLR <5 (green). Statistical analysis has been performed using a log-rank Chi square test. 
Patients with NLR< 5 at cycle 2 had significantly longer survival  times, p=0.0215.  
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5.3 Discussion  

Within this chapter associations between peripheral blood characteristics and outcome 

following treatment of NSCLC with both PD-1 and PD-L1 inhibitors have been explored. In 

addition, attempts have been made to bring together hypotheses generated from the findings 

in chapter 1 and chapter 2 relating to immune dysfunction in the setting of mesothelioma and 

lung cancer. 

Despite the huge progress made in treating cancer through immune modulation, treatments 

targeting CTLA-4, PD-1 and PD-L1 are not effective in all patients. Most patients will also 

eventually go on to develop progressive disease, highlighting the importance of establishing 

both predictive biomarkers of response to immunotherapy, in addition to understanding the 

mechanisms behind this dysfunction. This research permitted a unique angle of analysis as it 

allowed the assessment of serial peripheral blood biomarkers in 2 distinct clinical populations 

of patients with lung cancer, in addition to 2 differing drug mechanisms.  

Within this work the longitudinal blood profiles of patients were examined following 

treatment with either PD-1 or PD-L1 antibodies; in addition to the relationships between 

blood profiles and patient outcome. It was quickly determined that the blood profiles of 

patients enrolled within both trials were significantly different to healthy controls, with 

increased percentages of both monocytic and granulocytic myeloid cells and reduced 

percentages of CD3+ lymphocytes, consistent with previous studies of the peripheral blood 

profile in cancer patients (434-437). In serial samples there were no overall significant 

changes in CD14+ or CD15+ populations. Within the MATRIX population, higher CD15+ 

percentages were detected at the cycle 4 time point and this may reflect an increasing 

inflammatory reaction in patients following immune stimulation; however, low numbers 
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within the analysis limit this assessment. In contrast to increasing CD15+ percentages, a 

reduction in T cell percentages were observed at both cycles 2 and 4 within patients receiving 

anti-PD-L1 therapy within MATRIX. This trend was not seen within patients enrolled in PEPS2. 

This observation is contrary to the original hypothesis that PD-1 or PD-L1 inhibition would 

improve T cell number and function. No significant changes were observed in surface 

expression of HLA-DR, PD-L1 or PD-1, on myeloid cells or T cells, except for the concealment 

of the PD-1 protein in PEPS2 patients leading to marked reductions in detection. 

Significant suppressive activity of circulating CD15+ and CD14+ cells was demonstrated within 

T cell proliferation assays in both trial cohorts. Interestingly, suppression was greater in both 

cell populations from the PEPS2 trial, when compared to MATRIX. When examining serial 

samples following treatment, there was no overall suggestion of rescued proliferation; 

however, when samples were separated by the extent of suppressive activity, a trend towards 

improved T cell proliferation was observed at cycle 2 in both trial cohorts. This relationship 

was non-significant but may represent a reduction in the polarising behaviour of myeloid 

populations following interruption of the PD-1/PD-L1 signalling pathway. Previous studies 

have demonstrated that through the interruption of PD-L1 signalling suppressive action of 

both granulocytic cells and monocytes can be reduced, leading to enhanced T cell activation 

(416,417). The correlation in PEPS2 between higher whole blood CD15+ percentages and 

greater levels of suppression supports the hypothesis that abnormal granulocyte populations 

within the peripheral blood of patients create an immunosuppressive environment. High 

levels of CD15+ granulocytes represent an abnormal inflammatory response (233,237), and 

their presence is capable of disruption of T cell function through a number of well-defined 

mechanisms, discussed in detail below. 
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Overall, the effects of PD-1 or PD-L1 inhibition on the peripheral blood profile were small; 

however, the observation of lower percentages of CD3+ cells was an unexpected finding and 

should be considered in the context of patient response and outcome to fully assess its 

relevance. Through PD-1 blockade it would be expected that T cell function is enhanced and 

as such, circulating numbers improved; however, a recent investigation of peripheral blood 

profiles in melanoma patients receiving anti-PD1 therapy demonstrated improved responses 

in patients with low baseline T cell percentages (438). This finding was believed to reflect a 

movement of circulating T cells into peripheral tissues as seen in responses to anti-PD-1 

therapy (439) although contradicts other studies which demonstrate low baseline T cell 

numbers to have a negative prognostic impact (317,430). The fact that this observation was 

not observed within the PEPS2 population may also indicate a chance finding and therefore 

further data collection is pivotal. The effect on the suppressive function of both CD15+ and 

CD14+ populations was also minimal, but trends were present to suggest that disruption of 

the PD-1/PD-L1 signalling pathway was leading to a normalisation of myeloid and T cell 

interactions. As with peripheral blood markers, this analysis should also be reviewed in the 

context of response and patient outcome and a significant limitation is the number of samples 

analysed sequentially, limiting the interpretation of these findings.  

For samples obtained from PEPS2, analysis according to response and outcome was possible. 

Several recent studies have attempted to analyse similar relationships in patients receiving 

immunotherapy, with two of the most extensive studies performed by Marten’s and Weide 

(317,430).  In these studies, a broad range of peripheral blood parameters were analysed in 

patients receiving the either the CTLA-4 antibody ipilimumab, or the PD-L1 antibody, 

pembrolizumab. When examining factors associated with CTLA-4 inhibition, Martens et al 
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found that the presence of low numbers of CD14+ monocytes in addition to low percentages 

of CD14+HLA-DR-/lo MDSC were associated with a high probability of longer survival, with the 

presence of a low relative lymphocyte count being a negative indicator (317). In contrast, 

when looking at factors associated with Pembrolizumab Weide and colleagues found no 

association between patient outcome and monocyte count however, high absolute and 

relative neutrophil counts were significantly predictive of poorer survival. High basophil, 

eosinophil and lymphocyte counts were also all predictors of improved OS (430). When 

examining trends in PEPS2 no relationship was detected between total CD14+ monocytes and 

patient outcome, consistent with the finding by Weide et al. In view of recent work by Kreig 

et al, which showed no relationship between HLA-DR-/lo monocytic MDSC and patient 

outcome, but demonstrated improved responses in those patients with higher baseline 

numbers of classical CD14+CD16- monocytes (438), this subpopulation was also assessed, but 

no relationship could be demonstrated. There was also no correlation found between relative 

CD15+ percentages and patient PFS or OS.  

In agreement with both studies by Martens and Weide, a significant correlation was detected 

between low CD3 percentages and both poorer PFS and OS, with lower mean CD3 

percentages observed in patients living less than 1 year. The biological explanation behind 

such observations is highly likely to be related to the mechanism of drugs targeting PD-1 and 

PD-L1 interactions. As signalling between PD-1 and PD-L1 leads to reduced T cell proliferation, 

cytokine release and apoptosis (267,400), the breakdown of this signalling aims to re-activate 

T cell function. It has been demonstrated that the presence of higher numbers of infiltrating 

T cells (440), in addition to early increases in peripheral T cell percentages (318) are predictive 

of response to PD-1 therapy, consistent with the relationship observed in PEPS2 patients.  
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This analysis also detected poorer overall survival in patients with higher expression of PD-L1 

on CD14+ cells, which is of interest as there is little known about the association of peripheral 

PD-L1 expression and outcome following PD-1 or PD-L1 therapy. Patients with survival less 

than 6 months demonstrated median CD14 PD-L1 expression of 72.7%, compared to 56.8% in 

those surviving over 6 months. This reduced further to 53% in those surviving greater than 1 

year.  The combined positive score, which takes into account tumour, lymphocyte and 

macrophage PD-L1 expression, has recently begun to be used to predict response to PD-1 and 

PD-L1 treatment (314), with higher scores associated with improved response rates and 

survival. The findings of poorer outcomes in patients with higher peripheral monocyte PD-L1 

expression is contrary to this; however, it may be proposed that systemic activation of PD-L1 

may have a negative impact on circulating T cells leading to an overall dysfunction which is 

unable to be overcome despite PD-1 blockade, particularly in those patients with low 

numbers of functioning T cells at baseline. Research carried out by Mao et al supports this 

theory (416). This group demonstrated within a murine model that a reduction in circulating 

PD-L1 expressing monocytes led to increased numbers of circulating and tumour infiltrating 

CD8+ T cells, with increased levels of T cell activation. The association observed should 

therefore be explored in a wider cohort to establish whether this could be used as a possible 

predictor of response to PD-1 therapy.  

A further point of interest within this investigation is the relationship between NLR and 

patient outcome. Despite not successfully showing a relationship between whole blood 

neutrophil percentages and outcome, there was a clear trend to poorer outcome when this 

variable was represented within the NLR, and a significant correlation when examining the 

NLR at the cycle 2 time point. At cycle 2 survival was significantly prolonged in those patients 
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with an NLR less than 5, with median survival of 515 days compared with 246 days. Caution 

must be applied when interpreting this analysis as numbers were low, with only 28 patients 

contributing data at this time point. Despite the non-significant difference at time point one, 

median survival between the two groups was notably different, with a median OS of 419 in 

patients with an NLR <5, compared to 207 days with NLR >5. Forty-five patients contributed 

to this analysis. These findings are supported by work by three separate groups examining 

predictive and prognostic markers of response to Nivolumab therapy in NSCLC (418-420). The 

largest study performed by Bagley et al retrospectively analysed the baseline NLR in 175 

patients with NSCLC receiving Nivolumab. Using the same cut-off point of NLR >5, they 

demonstrated pre-treatment NLR to be an indicator of poor OS. In addition, in a multi-variate 

model, NLR remained an independent indicator of poor survival, alongside the presence of 

liver metastases and PS > 2 (420).  No serial measurements of NLR were recorded within the 

study by Bagley et al; however, within the setting of renal cell carcinoma Lalani and colleagues 

performed serial assessment of NLR in patients receiving anti-PD1 therapy (432). They 

demonstrated that higher baseline NLR showed a trend towards predicting response and 

survival, but as seen in our findings, a later NLR measurement at 6 weeks was a significant 

predictor of response, PFS and OS. In addition, those patients who saw a reduction in NLR at 

the second time point had an improved outcome, independent of their baseline. Similar 

findings were observed by DiGiacomo when analysing the NLR in patients receiving 

Ipilimumab in melanoma, with above average NLR at both week 7 and week 10 strongly 

predictive of poorer survival (433). These findings are consistent with our observation that a 

high NLR following the first cycle of treatment, was strongly associated with poorer PFS and 

OS. As discussed in previous sections, the NLR has already been strongly associated with 

poorer outcome in many cancer types (185,332,422,441) and its importance as an indicator 
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of response to immunotherapy is now emerging. A high NLR is impacted by high peripheral 

neutrophil counts and the presence of high numbers of circulating neutrophils indicate 

systemic inflammation (233). In the setting of cancer, neutrophil chemotactic factors are 

found to be expressed to higher levels and neutrophil production of MMP-9 and VEGF have 

been shown to be drivers of angiogenesis (236,245). Alongside this tumour promoting 

activity, neutrophils also disrupt T cell function through production of ROS (239,240), 

enhanced arginase activity (244) and via direct induction of apoptosis (235). These actions, 

leading to poor T cell function and number, are therefore highly likely to impact on the ability 

of immunotherapies to promote an effective anti-tumour response, as the blockade of 

immune checkpoint signalling can only create its effect if there is an adequate pool of T cells 

to engage.   

The role of STAT3 within the cancer-immune microenvironment was also discussed within the 

introduction to this chapter as STAT3 hyperactivation, again promoted by an enhanced 

inflammatory response, may both induce the expression of immune check points 

(294,410,413,442) and compromise T cell function by inducing differentiation to regulatory T 

cells and inhibiting T cell cytotoxic function (385,391,443).  Investigation of the role of STAT3 

in this setting, particularly in circulating patient T cells, was planned however, due to 

limitations on the timing of this thesis, this element of the research is yet to be completed.   

Further limitations of this study were the way in which trial samples were delivered to the 

university for analysis. Both trials were UK wide, which meant samples must be taken and 

posted by multiple centres. Blood samples should by protocol reach our laboratory within 24 

hours, which then permitted analysis with good quality specimens. Occasionally samples were 

delayed at source or during transit, meaning that their condition was not adequate for 
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analysis on arrival. In addition, some samples which were analysed, but deemed poor quality, 

were required to be removed from the analysis. Poor quality samples were identified during 

flow cytometry, when above average cell death was noted. In addition to loss of samples for 

quality control, some patients failed to have blood sent due to deviations from protocol, or 

due to inability to obtain adequate blood at venesection. Finally, trial drop-out led to limited 

numbers of samples at the later time points.  The removal of samples from analysis for these 

reasons, the limited numbers of sequential samples that were obtained during the analysis 

period.  

In addition to the problems with sample acquisition, access to all appropriate patient data 

was also difficult towards the end of this PhD, since both trials were still active. Within the 

MATRIX trial we were unable to access patient outcome data to support or refute the findings 

made in PEPS2. Comparative analysis in both cohorts will provide interesting insights into the 

relevance of the different observations in peripheral blood profiles. This data will hopefully 

be collated and published once this trial is complete.   
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Chapter 6: Final Discussion and Future Directions 

6.1 Final Discussion 

The identification of associations between immune suppression and the development of 

cancer prompted great interest in this field, with the view that harnessing the immune system 

could be a mechanism in which to combat cancer development. These theories have taken 

many years to come to fruition; however, over the last two decades, there have been huge 

developments in the understanding of immune dysregulation in cancer and mechanisms in 

which to overcome this. Treatments which re-direct the body’s own immune system to attack 

cancer cells have shown great promise, with some of the most dramatic clinical outcomes 

seen in many years. Despite these breakthroughs, there remain many unanswered questions 

regarding immune biology in the setting of cancer, in terms of both why such deranged 

immune profiles are seen, in addition to the mechanisms by which they act. This thesis had 

two main aims. Firstly, to explore the differing immune profile within cancer patients, 

particularly focussing on myeloid cell populations in mesothelioma; and secondly, to attempt 

to identify a mechanism by which abnormal immune populations may be altering the function 

of the host immune system in the presence of cancer.  

Multiple studies have demonstrated that within the setting of cancer immune cell profiles are 

altered. Early observations in mice demonstrated the presence of populations of myeloid cells 

which seemed to be uniquely triggered by the development of cancer (247-249) and were 

shown to be capable of inactivating normal immune responses. Strikingly, the removal of 

tumours  from subjects with abnormal immune populations has been associated with a 

normalisation of these populations (444,445), in addition to observations of reversed immune 
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suppression (446). These findings highlight the important interactions occurring between the 

tumour and the immune system, implying that the induced dysfunction continues to rely on 

tumour feedback. As this field of research has progressed there have been many documented 

immunosuppressive populations, including regulatory T cells (187,193), immune suppressive 

dendritic cells (213,214), tumour associated “M2” macrophages (225) and tumour associated 

neutrophils (233-235). The role of neutrophils is also emerging as an important marker of 

systemic immune disruption, with many studies demonstrating the presence of increased 

numbers of neutrophils within the blood of cancer patients. This identification and association 

with poor outcome was first published by Shoenfeld in 1986  (447) and has since been 

described as the neutrophil-to-lymphocyte ratio (NLR), with associations with poor outcome 

seen in many tumour settings (448-451). 

The first chapter of this thesis attempted to draw on these principles and examine the role of 

circulating systemic granulocytes, in addition to tumour infiltrating granulocytes, in patients 

with mesothelioma. In a UK based population with newly diagnosed mesothelioma, this 

research demonstrated raised levels of circulating granulocytes and resultant increases in the 

NLR. The differences observed in the NLR were significant, with ratios in patients showing an 

average of 6.2, compared with 1.5 in healthy comparators.  As described above, the NLR has 

been demonstrated in a number of solid cancers to be strongly prognostic of poor outcome 

following surgery and systemic oncological treatments. Importantly, it has also been shown 

to be predictive of outcome in patients with both mesothelioma and NSCLC. In 2 large cohort 

studies, NLR was associated with poorer survival in mesothelioma, with marked reductions in 

survival from 12 to 7.5 months  and a reduction in 1 year survival from 60 to 26% (185,332).  

In a large cohort study by Linton and colleagues the NLR was an independent prognostic factor 
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in multivariate analysis and was proposed within a new prognostic scoring system (185). The 

strong association of this variable with patient outcome therefore highlights the complex and 

vitally important relationship between malignancy and a functional immune system.    

Through flow cytometry analysis, the predominant abnormal cell type in our patient 

population was shown to be whole blood granulocytes. Initial experiments included 

granulocytes found within the PBMC layer, which would classically be described as G-MDSC 

(250). This population was less abundant and less potent in terms of their ability to suppress 

T cell function, therefore our work focussed on high density granulocytes, which form a 

distinct population from G-MDSC. Within tumour tissues CD15+ granulocytic cells were also 

identified, consistent with findings of Chee and colleagues, who identified populations of 

NP57+ neutrophils present in tissue sections derived from a cohort of 302 mesothelioma 

patients (183). Chee et al demonstrated that high NP57 expression within tumours was 

associated with poorer overall survival (183) and therefore supports our theory that a 

granulocytic infiltrate may be altering both the immune biology and tumour behaviour. 

Defining the nomenclature of these immune suppressive or tumour associated neutrophils is 

challenging. There is not one distinct immunomodulatory neutrophil population and during 

the malignant process multiple pathways can drive their polarisation and development. The 

involvement of granulocyte-derived MDSC in immune suppression perhaps occurs during an 

earlier stage of their development, as one of the most frequently described characteristics of 

MDSC is their immature nature (250), with morphologically less developed cells showing 

greater suppressive potential in mouse models (452). In practice, this definition is often 

contraindicated, as studies demonstrate suppressive neutrophil populations can be activated, 

with hyper-segmented morphology and higher levels of CD11b and CD66b expression 
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(238,244). Conversely, both CD16high and CD16low (activated) populations have been shown 

to demonstrate suppressive activity (235,238). It is not clear within such studies whether 

these populations represent normal neutrophils with suppressive functions, or a form of 

MDSC. Pillay et al describe a population of mature neutrophils, expressing high surface CD16, 

CD11b and CD54, with low CD62L. These neutrophils were induced by acute inflammation 

and had increased maturity in terms of a hyper-segmented morphology. This phenotype 

therefore does not fit with the classical MDSC yet, neutrophils were found to suppress T cell 

proliferation through the release of ROS. H202 delivery was found to be delivered directly to 

T cells through the integrin Mac-1 (238). Hao and colleagues detected this population of 

CD62Ldim, CD16bright neutrophils in both cancer and surgery patients, and confirmed that these 

cells were not found in the blood of normal controls (453). Further to this, de Kleijn et al went 

on to suggest an additional mechanism by which this subset suppresses T cell function (454). 

Within the research of de Kleijn and colleagues, they demonstrated that in response to IFN-

γ, CD62Ldim CD16bright neutrophils increase their expression of PD-L1, which led to suppression 

of T cell proliferation (454). These subsets therefore represent populations of neutrophils that 

may otherwise be classed within a spectrum of normal cells, rather than classic MDSC. Within 

both studies whole blood neutrophils were assessed, rather than those residing within the 

PBMC layer, further distinguishing them from the classic granulocyte-derived MDSC. 

However, methods of isolation are conflicted within the literature. Rodriguez et al report a 

similarly suppressive, activated population, being selected from the PBMC layer in patients 

with renal cell carcinoma (244). These activated neutrophils appeared similar in morphology 

to those described by Pillay et al, with a mature, hyper-segmented appearance, but resided 

within the PBMC layer and were low expressers of CD16. In addition, the mechanism of T cell 

suppression for this subpopulation was that of arginase I release (362).  
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The flow cytometry characteristics identified within this thesis did not strongly support 

previously identified neutrophil phenotypes, with no significant differences in surface marker 

expression detected between patient and healthy donor granulocytes. A suggestion of lower 

CD66b and CD11b expression within patient whole blood and PBMC granulocytes was 

observed and this was greater within the low density (PBMC) population. Within low density 

granulocytes, lower CD16 expression was also observed, which may support the findings of 

Rodriguez et al (244). In contrast however, Rodriguez and colleagues demonstrated this 

population of G-MDSC had high CD11b and CD66b expression, which was not a finding within 

our research. PD-L1 expression within our granulocyte population was low, with a median of 

8% of CD15+ cells positive for PD-L1. This was lower than that of healthy controls, where 12% 

stained CD15+PD-L1+. It is difficult to compare these percentages to the findings of de Kleijn, 

as within their study enhanced PD-L1 expression was quantified through mean fluorescence 

intensity, rather than absolute levels of PD-L1 expression (454); however, it is unlikely that 

PD-L1 played a significant role in the function of our CD15+ granulocytes in view of the lack 

of differentiation from healthy controls.     

Within whole blood high density neutrophils, flow cytometry phenotypic analysis was not 

sufficient to delineate a population which differed from healthy controls. In addition, due to 

the nature of the experiments, no detailed flow cytometry analysis of tumour infiltrating 

CD15+ cells was performed to distinguish a tumour residing population from that in whole 

blood. Further examination of the gene expression profiles of all 3 neutrophil populations 

would be of great interest, particularly following recent research by Fridlender et al which 

explored the genetic variations between murine G-MDSC and TAN in depth, demonstrating 

increased APC functions and chemokine production in both G-MDSC and TAN, and 
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interestingly, down regulation of pathways required for the respiratory burst (336). Fridlender 

et al demonstrated that healthy murine neutrophils were more aligned to MDSC in their 

mRNA expression profiles, particularly in regard to cytoskeletal organisation and migration, 

indicating that the role of neutrophils is altered upon entering the tumour environment (336). 

No data on cell surface marker expression was given from this study; however, due to this 

work being carried out in murine cancer models, cell phenotypes would not be comparable 

to this thesis.  

The development of an altered inflammatory profile in mesothelioma is well documented 

with a wide range of immunomodulatory cytokines produced during the development of both 

asbestos related disease and mesothelioma (69,76,78), in addition to the production of 

factors which alter the extra-cellular matrix and promote angiogenesis (74,85,125). The 

production of factors such as MMP-9, described by Nozawa et al, are also implicated in the 

mechanisms used by tumour infiltrating neutrophils leading to enhanced VEGF production 

and the “angiogenic switch” in malignancy. This thesis similarly identifies a strong 

inflammatory profile within mesothelioma, with findings drawn from both primary 

mesothelioma samples and newly derived mesothelioma cell lines. Consistent with Adachi et 

al (78), high expression of the pro-inflammatory cytokine IL-6 and the angiogenesis driver 

VEGF was identified. High expression of the neutrophil chemotactic factors IL-8, Midkine and 

GRO-α, also supports the role of the tumour environment in recruitment and activation of 

neutrophils. Midkine and GRO-α have both been previously shown to be raised in both 

asbestos exposed individuals and patients with mesothelioma (222,455) and are implicated 

in driving inflammation an invasion in this and other cancers (456,457). Further to these 

findings, GM-CSF was also detected within the supernatants of mesothelioma tissues and cell 
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lines, which has also been implicated in neutrophil function, with a role in the induction of 

ROS production, a widely accepted mechanism of neutrophil induced immune suppression 

(239) . Through co-culture and exposure to TCM it was shown that ROS generation was driven 

by mesothelioma derived GM-CSF and this was demonstrated to be the mechanism of T cell 

suppression occurring in neutrophil exposed T cells (342). GM-CSF is implicated in the 

generation of suppressive myeloid cells and was shown to be a required cytokine for the 

generation of these populations (207,369,370). Recruitment of suppressive myeloid cells in 

murine tumour models was shown to be enhanced by the delivery of GM-CSF and also 

impaired the function of tumour vaccines in this setting (208). Similar effects were also 

detected within human melanoma patients. GMCSF, used in this setting as an adjunctive 

therapy to recruit and drive APC function, was shown to enhance populations of 

immunosuppressive myeloid cells and led to poorer vaccine response (458,459). Patients 

receiving GM-CSF demonstrated enhanced populations of CD14+HLADRlow MDSC, which 

were suppressive to T cell proliferation through TGF-β (459).  These findings support the role 

of GM-CSF in the development of immunomodulatory myeloid populations and suggest an 

additional mechanism that could be targeted alongside the use of more standard therapies. 

This theory is further supported by data demonstrating that inhibition of GM-CSF and 

combined chemotherapy treatment can reduce the function of inhibitory populations (371).  

The finding that ROS was acting as the primary mechanism of T cell suppression in this setting 

is also relevant to the wider tumour microenvironment, as ROS has been shown to be an 

important regulator of cancer associated inflammation (460,461). At moderate levels ROS has 

been shown to activate the transcription factor NF-κB, a factor typically induced by 

inflammatory cytokines such as TNF-α and IL-1β (462). NF-κB drives the transcription of 
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further inflammatory mediators, recruiting and activating inflammatory cells (463). A 

feedback loop is therefore generated to drive an inflammatory environment. Interestingly, 

many recent studies have shown that reactive oxygen intermediates are vital for most 

pathways of NF-κB activation, further highlighting this important mechanism (464). Within a 

tumour environment, ROS has been shown to promote angiogenesis through activation of 

the STAT3/VEGF signalling pathways in breast cancer (465), and through activation of the 

ERK1/2 pathway, inducing expression of both HIF-1α and VEGF (466). A role in the 

development of metastases has also been documented through activation of the extracellular 

matrix and drivers of epithelial to mesenchymal transition (467,468). 

In support of these complex interactions between ROS and a broader setting of inflammation, 

our work also detected abnormalities in the wider immune profile of patients with 

mesothelioma, with alterations in percentages of CD14+ monocytic cells and CD3+ T cells. 

These findings may also be driven by the enhanced expression of inflammatory cytokines 

including IL-6, IL-8 and VEGF, widely described in mesothelioma (78,469,470) and confirmed 

within this work. The reduction in patient T cell percentages may be in part driven through 

the immunomodulatory properties of IL-6,  with inhibition of both CD4+ and CD8+ 

differentiation driven through the actions of this pleomorphic cytokine (390,471).  

In the second chapter of this thesis mesothelioma supernatants were shown to reduce T cell 

function, with a reduction in their ability to produce the pro-inflammatory cytokine IFN-γ, as 

previously shown by Diehl et al (390). More notably however, was the profound reduction in 

T cell proliferation that was observed following culture in the presence of mesothelioma TCM, 

partially driven by STAT3 activation. We demonstrated that IL-6, present within the 

supernatant of mesothelioma cell lines, induced early STAT3 phosphorylation in T cells. 
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Reducing STAT3 activation using an antisense oligonucleotide, led to a modest improvement 

in overall T cell proliferation. In support of the finding that STAT3 may be responsible for 

maintaining the effective functioning of proliferating T cells, work by Kujawski et al 

demonstrated that through complete knockdown of STAT3 within CD8+ T cells, both T cell 

tumour infiltration and T cell proliferation were enhanced (385). Both Kujawski and Ozao-

Choy further confirmed these observations using the tyrosine kinase inhibitor sunitinib. 

Sunitinib is known to act through the STAT3 signalling pathway, demonstrating that altering 

STAT3 signalling could both enhance T cell proliferation, reduce expression of T cell 

exhaustion markers PD-1 and CTLA-4 and reduce the development of regulatory T cells. The 

antisense oligonucleotide chosen in this study appeared unable to efficiently enter T cells and 

inhibit T cell STAT3, which likely explains the limited rescue in T cell function that was 

observed. Further investigation using molecules such as sunitinib may be a useful method to 

further assess this hypothesis and confirm the role of STAT3 as a negative regulator of T cell 

function in the setting of mesothelioma.  

Examining the role of STAT3 in T cells in isolation does not reflect the profound role that STAT3 

appears to employ within the immune microenvironment, therefore the role of STAT3 in the 

function of DC was also assessed. Exposure of DC to tumour derived supernatants during 

generation led to decreased ability to effectively stimulate T cell responses. Although only 

subtle changes in STAT3 activity were shown in these impaired populations, STAT3 inhibition, 

confirmed through western blot, led to marked improvements in their ability to stimulate T 

cell proliferation. This effect is supported by research by both Park and Nefedova, who 

demonstrate that tumour derived inflammatory factors, in particular IL-6 and VEGF, are 

capable of inhibiting DC function through the activation of STAT3 (382,396). Both IL-6 and 
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VEGF were present in high concentrations in mesothelioma supernatants and are therefore 

highly likely to be driving STAT3 activation within DC in this work.  No significant changes in 

DC maturation markers were detected and the persistence of CD14 and CD33, markers of 

undifferentiation, were not consistent or significant. The mechanism behind the alteration of 

DC function is therefore unanswered. One area unexplored is the possibility of the induction 

of immune checkpoints on DC such as CTLA-4 and PD-L1, which in turn, are capable of 

impairing T cell function through the induction of T cell tolerance (414). The expression of PD-

L1 on DC has been shown to be driven through STAT3 activation, secondary to IL-6 

stimulation, and is associated with an inhibitory DC phenotype capable of inducing regulatory 

T cells (411). Wolfle et al demonstrated that this population drove positive feedback through 

the production of inflammatory cytokines IL-6, TNF and IL-12, along with the 

immunosuppressive cytokine IL-10. This environment would be capable of ongoing 

stimulation of STAT3 activation in both DC and T cells, further promoting a suppressive 

environment.  We did not examine the cytokine profiles produced by DC following TCM 

exposure therefore cannot determine whether these mechanisms of immunosuppression are 

occurring in this setting. Further work is required to investigate in depth the phenotype of 

TCM induced DC and the cytokine profile released. Examining the interaction with T cell sub-

populations and changes in T cell surface protein expression of regulatory T cell markers such 

as CD25 and FOXP3, may then determine the mechanisms employed.  

The final chapter of this thesis aimed to bring together the findings from both chapters 3 and 

4 and further assess their relevance in a larger, real-world population of patients. In addition, 

it aimed to assess the impact of check-point inhibition on the peripheral blood profile in 

cancer patients and correlate these findings to treatment response. A limitation of the work 
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carried out within chapter 3 was that no clinical data associated with patient blood and tissue 

samples was available for analysis. Findings of higher CD15+ percentages or the NLR could 

therefore not be correlated with patient factors such as treatment response or survival. A 

primary study identified in mesothelioma was due to aid in the provision of such data; 

however, this trial could not be completed due to withdrawal of the proposed study drug. 

Investigation of similar parameters within two cohorts of lung cancer patients was therefore 

proposed, as parallels could be drawn between the clinical settings of lung cancer and 

mesothelioma.  

Both lung cancer trials were investigating the efficacy of PD-1/PD-L1 inhibition, however 

differed in their enrolled cohort and drug target. The PEPS2 trial enrolled exclusively 

performance status 2 patients, while MATRIX excluded this cohort, and the PEPS2 study drug 

targeted the PD-1 molecule, while MATRIX targeted PD-L1. These factors had the possibility 

to provide markedly different patient populations, giving an additional comparative angle 

during the analysis. Patient samples were collected at the point of entry into clinical trials and 

serial samples at defined time points, following initiation of treatment. This provided a novel 

study of whole blood immune populations following treatment with the immunomodulatory 

checkpoint inhibitors, Pembrolizumab (PEPS2) and Durvalumab (MATRIX).   

Consistent with our findings in mesothelioma, abnormal peripheral blood profiles were 

observed in patients with advanced NSCLC. Patients had high percentages of circulating 

CD15+ and CD14+ myeloid cells and low percentages of CD3+ lymphocytes. Both populations 

showed profound differences in CD14+ and CD15+ myeloid percentages when compared with 

healthy controls. Interestingly, patients within the PEPS2 cohort also displayed significantly 

higher expression levels of the checkpoint inhibitors PD-L1 and PD-1 on CD14+ and CD3+ cells, 
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respectively. A number of variables were examined to attempt to explain this variation, 

including age, number of prior treatments and cancer stage; however, no relationship could 

be identified. The only differential factor which stood out as a possible explanation was the 

performance status of patients. It is well documented that performance status is a strong 

prognostic marker in malignancy and it can be inferred that performance status is also 

associated with a more profound inflammatory environment. One of the earliest EORTC 

studies examining prognostic markers in mesothelioma identified both high WBC count and 

PS to be independently prognostic of poorer survival (472), validated in later work by Edwards 

et al and Fennell et al (473,474). Further studies have consistently confirmed an environment 

of inflammation to be negatively associated with prognosis and the inflammatory based 

Glasgow Prognostic Score demonstrates that those patients with PS > 2 are more likely to 

demonstrate raised inflammatory markers such as CRP (475). The presence of systemic 

inflammation has also been shown to drive the expression of PD-L1 on tumour tissues, with 

PD-L1 expression being associated with increased plasma CRP levels in lung cancer patients 

(476). More recently, serum PD-L1 has also been shown to be associated with high levels of 

CRP in gastric cancer (477). A persistent inflammatory environment also creates an exhausted 

T cell population with higher PD-1 expression (478). These factors combined could therefore 

explain the findings observed within the PEPS2 population, who demonstrate poorer 

performance status, peripheral blood inflammatory profiles and high expression of inhibitory 

check point markers. The importance of explaining these findings has relevance to the later 

observations that both low numbers of circulating CD3+ T cells, high expression of PD-L1 on 

CD14+ cells and NLR were all predictive of poorer overall survival within this population. The 

association of lymphopenia with poor outcome in cancer patients is well documented and, 

when represented within the NLR, has been widely associated with both poor outcome in 
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malignancy (185,332,422,434,436) and poor response to check point inhibition (317,430). The 

relevance of peripheral PD-L1 expression is more novel and there are few studies that 

characterise this. A recent extensive exploratory study performed by Krieg et al examined the 

peripheral blood profiles of melanoma patients receiving anti-PD-1 therapy with either 

nivolumab or pembrolizumab. They performed an extensive assessment of baseline and post-

treatment peripheral blood profiles, using mass spectrometry to attempt to determine 

signatures predictive of patient response. Their analysis examined differences between 

responders and non-responders and detected a population of CD14+CD16-HLA-DRhi classical 

monocytes, which were predictive of response. Higher percentages of these populations were 

detected in responders both at baseline and post-treatment. This population was shown to 

co-localise with PD-L1 expression, which was seen less frequently in non-responder 

populations. In addition, Krieg detected that low frequencies of CD3+ T cells were also 

predictive of responding patients (438). These observations are contrary to the findings in this 

thesis and are an interesting development within this field as, classically, both high CD3 and 

low monocyte frequencies have been more aligned with patients with improved outcomes in 

the setting of lung cancer and mesothelioma (356,479). In agreement with this traditional 

theory, Weide et al examined baseline blood profiles in 616 melanoma patients receiving 

treatment with the PD-1 antibody pembrolizumab. They found that high baseline lymphocyte 

counts were significantly predictive of improved overall survival following treatment (430). A 

similar study by Martens et al observed the same associations and found that improved 

response to treatment was associated with increases in T cell frequencies within 2 to 6 weeks 

of therapy (317). These findings are also supported by Deylon et al who demonstrated 

improved survival within patients with higher absolute lymphocyte counts prior to their 

second course of treatment (480). Interestingly, all three studies observed increases in 
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circulating eosinophils as further predictors of improved response and survival. This finding 

was not observed by Krieg and colleagues. The numbers studied within the work by Krieg is a 

limitation, as only 51 samples from a single institution were assessed and this may have led 

to the introduction of selection or population bias. The findings in this thesis of poorer 

outcome associated with higher CD14+ PD-L1 expression is also contrary to Krieg et al. There 

is less supportive work assessing these peripheral populations in the setting of immune 

checkpoint blockade; however, there are associations between serum-detectable PD-L1 and 

patient outcome. Soluble PD-L1 has been widely identified in cancer patients (481) and has 

been shown to be preferentially shed by the myeloid compartment within peripheral blood 

(482). Once present within the circulation its role is not well defined, yet has been shown to 

negatively impact on T cell function (482). The presence of soluble PD-L1 in patients with 

NSCLC has also been associated with poorer overall survival (483), confirming its role as a 

negative regulator of the immune system. Within the tumour microenvironment there 

remains greater controversy on the functions of both tumour and myeloid expression of PD-

L1. High tumour PD-L1 expression has been associated with poor tumour differentiation and 

poorer patient survival in NSCLC (484); however, higher levels of expression are also a positive 

predictor of response and outcome following treatment with PD-1 and PD-L1 antibodies 

(402).  Although the role of tumour infiltrating immune cells has begun to be incorporated 

into scoring systems within other cancer subtypes, including urothelial and gastric cancer 

(314,485), this has yet to be adopted in NSCLC or mesothelioma, therefore its role as a positive 

or negative marker in this environment is yet to be defined.  

The contradictions observed in associations between peripheral blood profiles and clinical 

outcome in patients receiving immune checkpoint inhibitors highlights the difficulties faced 
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in this type of analysis. Often studies are small and focussed on different elements of 

peripheral and tumour immune populations, leading to difficulties comparing between 

studies and in concluding which markers are most predictive of response or survival. In 

conclusion, this thesis raises again the prognostic value of pre-treatment and on treatment 

NLR in predicting outcome from PD-1 inhibition in NSCLC. In addition, this research presents 

a more novel finding of the significance of high circulating monocyte PD-L1 expression in 

predicting poorer overall survival following treatment. The ability to apply these findings in 

clinical practice would allow improved patient selection and possible early identification of 

non-responders in regard to the on-treatment NLR. Such markers should be validated within 

clinical trials to allow them to be widely adopted. In terms of patient benefit, robust predictive 

biomarkers of response could minimise exposure to ineffective treatments and allow a more 

stratified approach to treatment selection.  

6.2 Future directions 

Due to the inclusion of clinical trial samples from an active trial, some elements of research 

from this PhD are ongoing. Interrogation of patient serum samples is in progress, assessing 

the presence of a broad group of inflammatory markers, including the pro-inflammatory 

cytokines GM-CSF, IL-1β, IL-6 and IL-8; along with the immune suppressive cytokines IL-10, IL-

4 and IL-13. In view of the findings within chapter 3 of a strong inflammatory profile in the 

blood of patients with mesothelioma these findings will aid in the ability to draw similarities 

between these two populations. In addition, information relating to the systemic cytokine 

profile, will allow further conclusions to be drawn relating to the effect of both circulating 

myeloid and lymphocyte populations in this setting. For instance, a profile of high 

inflammation including enhanced levels of IL-6, IL-8 and GM-CSF will support the theory that 
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the high numbers of circulating neutrophils are driving, or conversely being driven, by a 

heightened inflammatory environment.  

In addition to assessment of serum cytokines, analysis of T cell protein expression is also 

planned. The primary aim of this element of the research was to assess the activity of STAT3 

in the circulating T cell population and determine whether STAT3 activity is affected through 

the blockade of PD-1 or PD-L1. As described previously, both PD-1 and PD-L1 can be driven 

through STAT3 activation, primarily stimulated by inflammatory cytokines such as IL-6 and 

VEGF (411,413). We hypothesise therefore that, within the inflammatory environment of lung 

cancer, hyperactivation of STAT3 may be contributing to T cell exhaustion, PD-1 expression 

and poor T cell function. Further analysis of the expression of T cell exhaustion markers CTLA-

4, PD-1, LAG-3 and TIM-3 is also proposed. These investigations will allow a comprehensive 

analysis of the immune microenvironment in advanced NSCLC and provide a novel 

assessment of the sequential changes that occur within peripheral T cells following check-

point blockade.  

With the above information gained, as well as building on the research from chapters 3 and 

4 of this PhD, a more comprehensive analysis of both the myeloid and lymphocyte 

populations in patients receiving checkpoint treatment for mesothelioma should then be 

pursued.  

Although it was demonstrated that mesothelioma and lung cancer patients harbour an 

abnormal granulocyte population, we were unable to determine their precise characteristics, 

and therefore could not define this population. As highlighted by the work on murine 
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neutrophils and G-MDSC by Fridlender et al (336), differentiation of these populations could 

be achieved by thorough RNA sequencing analysis.  

With the much wider use of next generation sequencing (NGS), the ability to explore the 

transcribed genome has become far more accessible to research (486). It is now possible to 

gain an understanding of the dynamic expression of genes and accurately quantify levels of 

gene expression. In addition, in contrast to pre-determined gene microarrays or qRT-PCR, it 

is also possible to detect completely new areas of enhanced gene expression, which may 

provide insights into previously undefined cellular functions or aberrant cellular activity (487). 

We propose that work alongside a trial of checkpoint blockade in mesothelioma could provide 

this opportunity. Blood samples should be taken from patients at diagnosis, start of 

immunomodulatory treatment (e.g. checkpoint blockade) and along a treatment course, and 

granulocytes from both whole blood and the PBMC compartment assessed. In addition, if 

granulocytes could be extracted and studied from tumour specimens this would also be of 

considerable merit.  

Transcriptomic analysis of each population of granulocytes would determine whether a 

predominant population or, multiple granulocyte subsets with differing functions, are present 

in cancer patients. Specifically, this information may provide evidence of multiple granulocyte 

populations and insights into the functions of tumour related granulocytes. Possible 

mechanisms of deregulated immune function may be highlighted, in addition to evidence to 

support theories on tumour related growth signals (361).   

With the information gained from RNA sequencing, it may also be possible to define a novel 

panel of cell surface markers, capable of differentiating the detected granulocyte populations.  
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Following detection of regions of surface marker clustering and differentiation between 

populations, confirmation of protein expression would be carried out through flow 

cytometry. To allow the study of multiple cell surface markers, mass cytometry (CyTOF) could 

be applied. Mass cytometry combines the principles of both flow cytometry and mass 

spectrometry, pushing the restrictions of polychromatic flow cytometry (PFC) and allowing 

the analysis of over 40 simultaneous parameters on a single cell, without the risk of channel 

overspill experienced with standard PFC. Once predominant groups of surface markers were 

identified, these could be limited to allow use in PFC and permit wider application. If this 

technique were successful, the proposal of a group of differing granulocyte phenotypes, 

relating to populations such as G-MDSC and TAN, would be hugely influential in this field of 

research (250). 

Finally, if patients’ samples could be obtained from a mesothelioma clinical trial of checkpoint 

blockade, it would be of interest to determine peripheral blood markers for prognostic or 

predictive relevance in the treatment of this cancer. Although not yet accepted as an official 

biomarker, the NLR clearly has prognostic relevance and it would be interesting to 

prospectively assess this marker in a trial of a PD-1 or PD-L1 inhibitor in mesothelioma.  

Importantly, a validated set of predictive biomarkers needs to be determined in all cancer 

subtypes, but particularly within those where response to check point inhibition is poorer, 

such as mesothelioma, colorectal and gastro-oesophageal cancer. Within colorectal cancer, 

identification that a subset of patients with higher mutational burden will preferentially 

respond to check point blockade, is one example of this stratification (488).  

In the current environment we have been privileged to witness huge advancement in the 

treatment of cancer, with survival at its highest in many conditions, particularly lung cancer. 



Chapter 6 Final Discussion 

 

236 

 

Despite the wealth of research into of the immune system and its role in cancer development 

we are however, still significantly limited by our understanding of the complex interactions 

occurring within the tumour microenvironment. This limited understanding is highlighted by 

the conflicting research findings that are discovered within available literature. Further 

comprehension of the mechanisms driving altered inflammatory profiles in cancer and the 

mechanisms utilised in immune escape will hopefully lead to ongoing improvements in cancer 

care and further gains in survival.      
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Tumor-Derived GM-CSF Promotes Granulocyte
Immunosuppression in Mesothelioma Patients
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Abstract

Purpose: The cross-talk between tumor cells,myeloid cells, and
T cells can play a critical role in tumor pathogenesis and response
to immunotherapies. Although the etiology of mesothelioma is
well understood, the impact of mesothelioma tumor cells on the
surrounding immune microenvironment is less well studied. In
this study, the effect of the mesothelioma tumor microenviron-
ment on circulating and infiltrating granulocytes and T cells is
investigated.

Experimental Design: Tumor tissues and peripheral blood
from mesothelioma patients were evaluated for presence of
granulocytes, which were then tested for their T-cell suppression
potential. Different cocultures of granulocytes and/or mesothe-
lioma tumor cells and/or T cells were set up to identify the
mechanism of T-cell inhibition.

Results: Analysis of human tumors showed that the mesothe-
lioma microenvironment is enriched in infiltrating granulocytes,
which inhibit T-cell proliferation and activation. Characterization
of the whole blood at diagnosis identified similar, circulating,

immunosuppressive CD11bþCD15þHLADR� granulocytes at
increased frequency compared with healthy controls. Culture of
healthy-donor granulocytes with human mesothelioma cells
showed that GM-CSF upregulates NOX2 expression and the
release of reactive oxygen species (ROS) from granulocytes, result-
ing in T-cell suppression. Immunohistochemistry and transcrip-
tomic analysis revealed that a majority of mesothelioma tumors
express GM-CSF and that higher GM-CSF expression correlated
with clinical progression. Blockade of GM-CSF with neutralizing
antibody, or ROS inhibition, restored T-cell proliferation, sug-
gesting that targeting ofGM-CSF could be of therapeutic benefit in
these patients.

Conclusions:Our study presents the mechanism behind the
cross-talk between mesothelioma tumors and the immune
microenvironment and indicates that targeting GM-CSF
could be a novel treatment strategy to augment immunother-
apy in patients with mesothelioma. Clin Cancer Res; 24(12);
2859–72. �2018 AACR.

Introduction
Malignant mesothelioma is an aggressive cancer arising from

the mesothelial cells lining the pleura, peritoneum, and pericar-

dium (1). The majority of patients present with advanced-stage
disease and are not candidates for surgery. Although chemother-
apy improves outcome for these patients, the median overall
survival is less than 24 months (2). Immunotherapy approaches
relying on T-cell anticancer activity, such as peptide vaccines
and CAR T cells, have shown only limited efficacy, suggesting
that the underlying immune microenvironment may play a role
in muting the immune response (3, 4).

Myeloid cells play an important role in the balance of pro- and
anticancer T-cell responses.Murinemodels ofmesotheliomahave
shown that monocytes, macrophages, and dendritic cells may be
modulated by the tumor microenvironment (5–7). However, the
functional role of granulocytes and their mechanism of action in
human mesothelioma are not well understood. Studies in meso-
thelioma have suggested the ratio between peripheral blood or
intratumoral neutrophils and lymphocytes correlates with prog-
nosis, indicating a key interaction between these cells in tumor
pathogenesis (8). In other cancers, secreted factors within the
tumor microenvironment control the differentiation of granulo-
cytes. In turn, this may promote inflammation within the tumor
microenvironment or lead to changes in the interaction with the
adaptive immune response. Here, we investigate the mechanisms
underlying the cross-talk between mesothelioma tumor cells,
granulocytes, and T cells.
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Materials and Methods
Patients and sample collection

Heparinized blood samples were obtained from patients
with malignant mesothelioma (n ¼ 47) who were enrolled in
IRB-approved protocols at the National Cancer Institute,
Bethesda, and the University of Birmingham, UK, before treat-
ment (Table S1). Written informed consent was obtained from
all the patients and the study was conducted in accordance with
recognized ethical guidelines. Blood from healthy donors was
obtained from theNIH Blood Bank (n¼ 30) and at theUniversity
of Birmingham, UK (n¼ 18) in heparin tubes. Patients with both
histologically confirmed pleural (n ¼ 24) and peritoneal (n ¼ 9)
mesothelioma were included in this study and at the time of
enrolment had clinical and/or radiological evidence of disease. A
number of patients had received prior treatments including
surgery and systemic chemo- or immunotherapy (Table S1). The
transcriptomes of 87 mesothelioma tumors diagnosed between
1999 and 2013, held within the R2: Genomics Analysis and
Visualisation Platform (http://r2.amc.nl) were analyzed for
CSF2 expression. Patients were aged from 28 to 81 years of age
at diagnosis. Fifty-six patients had a history of asbestos exposure,
14 had no history, and 17 were not known. Of the 87 patients'
samples histologies were distributed as follows: 23 biphasic,
5 diffuse, 57 epithelioid, and 2 sarcomatoid.

Cell lines
Human mesothelioma cell lines [ED (MSTO211)-H, AC-Meso

Y9-Meso, MPM15, MPM26, MPM30, MPM34, and MPM43]
purchased from the Aichi Cancer Research Centre Institute and
Mesobank UK were cultured in RPMI-1640 (Invitrogen) with
10% heat-inactivated fetal bovine serum, glutamine (1�),
sodium pyruvate (1�), and penicillin-streptomycin (RPMI
10% ¼ R10%). The cell lines were cultured in a humidified
atmosphere at 37�C with 5% CO2. All cell lines were verified by
Northgene DNA short-tandem repeat analysis within the last
6 months. All cell lines were tested of mycoplasma and were
negative. Cell lines were used for up to 5 passages.

Flow cytometric analysis of whole blood and tumors
Whole blood and fresh tumor samples from diagnostic surgery

were processed within 12 hours of collection. Ten samples from
patients with benign pleural pathologies of infectious and inflam-
matory nature were also included as a comparison. Whole blood
was either lysed using ammonium chloride solution according
to themanufacturer's instructions (Qiagen) or using a hypertonic

ammonium chloride solution (150 mmol/L NH4Cl, 10mmol/L
KHCO3, 0.1mmol/L EDTA) for 10 minutes at room tempera-
ture (maintained at 21�C –23�C) at a ratio of 1:9 (volume
of sample: volume of lysing solution) prior to antibody
staining. Where indicated peripheral blood was separated using
a Lymphoprep density gradient. Tissue samples were digested
using type II collagenase (Worthington) for 3 hours at 37�C.
Immune populations were identified by staining with anti-
CD11b, anti-HLA-DR, anti-CD13, anti-CD14, anti-CD15, anti-
CD66b, and anti CD45 antibodies (BD Biosciences) on ice or at
room temperature for 30 minutes. Cells were acquired using
FACS-Canto II (BD Biosciences) and Cyan (Beckman Coulter)
and analyzed either by FCSExpress 4 software (DeNovo Software)
or FlowJo (TreeStar).

Isolation of granulocytes, T cells, and mesothelioma cells for
functional assays

The whole blood from healthy donors and patients were
processed as described above. We isolated the low-density
granulocytes from the peripheral blood mononuclear layer
and high-density granulocytes from the layer of white cells
on the red cell pellet following Lymphoprep centrifugation by
magnetic bead isolation using anti-CD15 microbeads (BD
Pharmingen) and MACS LS separation columns (Miltenyi
Biotech) according to the manufacturer's instructions. Cell
purity was >98% as confirmed by flow cytometry. Cell popula-
tions were similarly isolated from collagenase digested tumors
using MACS beads (anti-CD15 for granulocytes and anti-CD14
for monocytes), followed by flow cytometric confirmation of
purity. The dose of collagenase selected has previously been
established to not affect cell surface marker expression or cell
viability.

For isolation of autologous T cells and myeloid cells from the
whole blood, the target populations were enriched first using
positive selection with CD45 magnetic beads (Miltenyi Biotech)
followed by staining with myeloid antibodies (above) and
anti-CD3 antibody (BioLegend). Cells were sorted on Astrios
(Beckman Coulter) using a 100 mm nozzle. DAPI was used as a
viability marker to gate out the dead cells.

Granulocyte polarization
To generate tumor-conditioned media (TCM), cell lines or

sorted patients' tumor cells were plated (1.5 � 106 cells) and
cultured for 72 hours. The conditioned media were removed and
filtered prior to use. Following Lymphoprep isolation high-den-
sity granulocytes were enriched by CD15magnetic bead isolation
as above, healthy donor granulocytes were plated in R10% in
24-well plates, at concentrations of 1 � 106 per well. TCM was
added as 25% of the total volume as indicated. Granulocytes
were harvested following 24 hours of culture and washed twice
prior to use in suppression assays. Granulocyte viability was
confirmed to be >90% in all cases, by flow cytometry, before
further experimentation.

Autologous T-cell proliferation assays
Sorted CD3þ T cells were labeled with 10 mmol/L carboxy-

fluorescein diacetate succinimidyl ester (CFSE; Life Technologies)
and cultured with sorted granulocytes at ratios of 1:0, 1:0.5, 1:1
in complete media at 37�C, 5% CO2 for 4 days in the presence
of 1:1 ratio of anti-CD3/ anti-CD28 dynabeads (Invitrogen).
Cells were stained with V450 anti-CD4 (Clone-RPA-T4; BD

Translational Relevance

The functional role of granulocytes and their cross-talk
with tumor cells and T cells in human mesothelioma is
not well understood. We demonstrated that GM-CSF is
expressed by mesothelioma tumor cells and can polarize
granulocytes to upregulate reactive oxygen species produc-
tion, which in turn suppresses the T-cell proliferation and
function. As GM-CSF plays a role in driving an immuno-
suppressive granulocyte phenotype in mesothelioma, target-
ing GM-CSF could represent an alternative therapeutic
approach for these patients.
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Biosciences) and APC-Cy7 anti-CD8 (Clone-RPA-T8; BioLegend)
and proliferation was determined by CFSE dilution. Unstimu-
lated T cells were used as a negative control. The effect of the
addition of L-NMMA (0.5 mmol/L, NG-Methyl-L-arginine
acetate), nor-NOHA (0.5 mmol/L, N-Omega-hydroxy-nor-
L-arginine) and iNAC (10 mmol/L; all from Sigma- Aldrich)
was similarly tested. The percentage of cells that diluted CFSE
(divided cells) was determined.

Peripheral blood lymphocyte cell proliferation assay
Peripheral blood lymphocytes (PBL; 2 � 105) were cultured

in 96-well flat bottom plates with coated anti-CD3 antibody
(3 mg/mL) and anti-CD28 antibody (2 mg/mL), in 200 mL
R10%. Cells were incubated at 37�C, 5% CO2 for 4 days and
then 1 mCi/well 3H-thymidine (Perkin Elmer Life Sciences) was
added for 12 to 16 hours. 3H-thymidine incorporation was
measured using a TopCount reader (Perkin Elmer). The sup-
pressive ability of autologous or conditioned granulocytes
was assessed by coculturing-purified cells together with the
PBLs. nor-NOHA (0.5 mmol/L), L-NMMA (0.5 mmol/L), iNAC
(10 mmol/L; Sigma-Aldrich) was added to cells in culture.
HEPES (25 mmol/L) was added to the medium to maintain
the pH after iNAC addition. Data are expressed as a percentage
of PBL proliferation driven by antibody costimulation in
the presence of MDSC compared with PBL proliferation in the
absence of suppressive cells (100%).

Reactive oxygen species (ROS) assay
Sorted granulocytes were stained with 20, 70-dichlorofluores-

cein diacetate (DCFDA) using DCFDA cellular ROS detection
assay kit (Abcam) for 30 minutes at 37�C. The stained cells were
analyzed on a BD FACS Calibur and Cyan (Beckman Coulter).
Cells stained with Tert-butyl hydrogen peroxide (TBHP),
TCM polarized granulocytes were also incubated with Phorbol
12-myristate 13-acetate (PMA; concentration need to be added)
during the staining with DCFDA, this was used as a positive
control.

Quantification of H2O2 production was measured using the
Amplex Red Hydrogen Peroxidase assay kit (Invitrogen). Follow-
ing culture in mesothelioma conditioned media for 24 hours,
sorted granulocytes were washed twice in R10%, counted and
plated in Krebs–Ringer phosphate buffer according to the man-
ufacturer's guidelines. Detection of H2O2 was carried out follow-
ing 30minutes of incubation at 37�C using amicroplate reader at
560 nm.

ELISA
The concentrations of cytokines within conditioned media

following culture with T cells, mesothelioma cell lines (1 �
106/mL) or sorted tumor cells were quantified using a com-
petitive enzyme-linked immunoassay according to the manu-
facturers' instructions. The following molecules were tested
GM-CSF (Biolegend), IL13 (BD Biosciences), IL8 (BioLegend),
IL6 (BioLegend), G-CSF (R&D Systems), VEGF (R&D Systems),
Mesothelin (BioLegend). The concentration of IFNg in cocul-
ture supernatants was determined by Ready Set Go ELISA kit
(eBioscience).

RT-Q-PCR analysis
RT-Q-PCR was used to detect NOX2 expression in cell line

supernatant-conditioned granulocytes (0, 4, 8, 12, 24 hours' time

points). RNA was extracted using an RNeasy Mini kit (Qiagen).
cDNAwas prepared using SuperScriptTM III Reverse Transcriptase
(Invitrogen) following the manufacturer's instructions. RT-
Q-PCR was done in duplicate using FAST SYBR Green Master
Mix (Applied Biosystems) and the Applied Biosystems 7500
Fast Real-Time PCR system. Analysis of gene expression was
calculated according to the 2�DT method and plotted as arbitrary
units of mRNA relative to GAPDH. Gene specific primer sequen-
ces were NOX2 (CAAGATGCGTGGAAACTA, F; TCCCTGCT-
CCCACTAACA, R) and GAPDH (CCAGCCGAGCCACATCGCTC,
F; ATGAGCCCCAGCCTTCTC, R; Eurofins).

Immunohistochemistry
Mesothelioma sections from diagnostic tumor biopsies (n ¼

38) were deparaffinized in Histoclear (National diagnostics) and
ethanol and rehydrated in 0.3% hydrogen peroxide for 15 min-
utes. Antigen retrieval was performed in 10 mmol/L sodium
citrate buffer (pH 6.0) for 20minutes in amicrowave oven. Slides
were cooled and washed prior to blocking in 5� Caesin (Thermo
Fisher Scientific) for 30 minutes at room temperature. Sections
were then incubated over night with primary antibody, rabbit
anti–GM-CSF (Novus Biologicals), diluted in PBS. Sections were
washed and secondary antibody (Universal ImmPRESS antibody,
Vector Laboratories) was added at room temperature for 30min-
utes followed by further washing and addition of DAB substrate
(ImmPACT DAB, Vector Laboratories) for 5 minutes. After coun-
terstaining with Harris hematoxylin (Sigma-Aldrich), slides were
dehydrated using ethanol and Histoclear and mounted using
Omnimount (National Diagnostics). Slides were examined and
photographed using a Nikon Eclipse 400 microscope.

Statistical analysis
Continuous parameter values were compared between two

groups using an exact form of a Wilcoxon rank sum test. Paired
comparisons were performed using a Wilcoxon signed rank test.
Spearman correlation analysis was used to determine the corre-
lation between age and MDSC parameters. The correlations are
interpreted as follow: strong if |r| > 0.70; moderately strong if
0.50 < |r| < 0.70; weak to moderately strong if 0.30 < |r| < 0.50;
weak if |r| < 0.30. All P values are two-tailed and presented
without adjustment for multiple comparisons because all tests
performed were considered to be exploratory.

Results
Mesothelioma tumors modulate infiltrating myeloid cells to
suppress T-cell responses

The immune microenvironment in mesothelioma has been
shown to have strong prognostic implications with infiltration
by CD8þ lymphocytes conferring a favorable prognosis (9) and
the association of peripheral blood granulocyte-to-lymphocyte
ratio with poorer prognosis (10–12). However, our under-
standing of the biological cross-talk between mesothelioma
cells, granulocytes, and T cells in human patients is limited.

Interrogation of the transcriptomic profile of 87 mesotheli-
oma tumors, held within the R2: Genomics Analysis and
Visualisation Platform (http://r2.amc.nl), suggested a signifi-
cant infiltration of immune cells in the tumor microenviron-
ment (Fig. 1A). Flow cytometric analysis of 18 digested human
mesothelioma tumors confirmed this data at the cellular level
within the tumor microenvironment (mean: CD15 ¼ 8.6%,
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Figure 1.

Granulocytes in tumor tissue suppress T-cell proliferation. A, Transcriptomic expression of CD14, CD15, CD3E, and Mesothelin in 87 mesothelioma
tumors from the R2: Genomics Analysis and Visualisation Platform (http://r2.amc.nl). B, Percentages of CD15þ, CD14þ, and CD3þ cells detected by flow
cytometry in the digested tumor tissue of 18 patients with confirmed mesothelioma. C, Representative tumor sections from 6 patients (total stained ¼
38 tumors) demonstrating infiltration of CD15 expressing cells within mesothelioma tumors. Images were taken at 20� magnification. D, Immunophenotype
of tumor-associated granulocytes by flow cytometry identified that they expressed CD11b, CD15, with low/absent CD33 expression, and low/absent HLA-DR
expression. E, T-cell proliferation from healthy donors is suppressed following culture with CD15þ granulocytes (representative 1:0.5 ratio) sorted from
mesothelioma tumors, compared with those cultured in complete media alone, with CD15þ granulocytes from the blood of healthy donors, or from
pleural tissue with benign pathologies.
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CD14 ¼ 4.8%, CD3 ¼ 6.7%; Fig. 1B). Immuno-histochemical
staining of a further 38 mesothelioma tumors supported
the findings, with identification of granulocytes in all samples
at diagnosis (Fig. 1C). characterization of tumor-associated
granulocytes by flow cytometry showed that they expressed
CD11b, CD15, with low/absent CD33 expression, and low/
absent HLA-DR expression (Fig. 1D). Murine model of meso-
thelioma recently identified that the immune-regulatory tran-
scriptome of granulocytes may be altered within the tumor
microenvironment with potential effects on surrounding T cells
and tumor cells (13). To investigate the effects of granulocytes
on T cells, CD15þ granulocytes were sorted frommesothelioma
tumors at the time of resection and cocultured with T cells
from healthy donors. Tumor-derived granulocytes suppressed
T-cell proliferation to a greater extent compared with those
from healthy-donor blood or those extracted from pleural
tissue with benign pathologies (Fig. 1E). Similarly, CD14þ

monocytes from mesothelioma tumors were sorted and also
found to suppress T-cell proliferation (P ¼ 0.0002; Supple-
mentary Fig. S1A). Therefore, the tumor microenvironment is
able to locally modulate infiltrating myeloid cells to inhibit
T-cell proliferation.

Mesothelioma creates a systemic immunosuppressive
environment through circulating granulocytes

The effects of mesothelioma tumors on the immune system
may be limited to the local tissue microenvironment or could
also lead to systemic alteration. To test this, we compared T cells
from the blood of patients at diagnosis to those from healthy
donors and observed that mesothelioma patients' T cells have a
reduced proliferation capacity compared with those in healthy
donors (Fig. 2A). We have previously identified that tumor
metabolism of arginine can create a systemic environment inhib-
itory to T-cell responses. As mesotheliomas are known to be
arginine auxotrophs, we measured the arginase activity of meso-
thelioma cell lines (14). No significant arginase activity was
identified suggesting an alternative mechanism must be respon-
sible (Supplementary Fig. S1B). As we identified immunosup-
pressive granulocytes infiltrating mesothelioma tumors, we
hypothesized that the T-cell suppression may be due to the
presence of these circulating immunosuppressive myeloid cells.

To investigate the hypothesis, the frequency of granulo-
cytic and monocytic cells was characterized in the whole blood
of healthy donors and mesothelioma patients (n ¼ 33) at diag-
nosis (Table S2). There were significant increases in the percent-
age of HLA-DR-granulocytes (CD14�CD15þCD11bþHLADR�)
in the whole blood compared with healthy controls (P ¼
0.013; Fig. 2B). Subpopulation analysis revealed only a
marginal difference in HLA-DR- monocytes (CD14þCD15-
CD11bþHLADR-) compared with healthy donors (P ¼
0.05; Fig. 2C) and no difference in the frequency of HLA-DRþ

monocytes (CD14þCD11bþHLADRþ; median 7.0% vs.
8.9%; P ¼ 0.14) or HLA-DRþ granulocytes (CD15þ

CD14�CD11bþHLADRþ) cells (median 0.83% vs. 1.46%;
P ¼ 0.29) between healthy donors and mesothelioma patients.
Consistent with reports of increased granulocyte:lymphocyte
ratios in mesothelioma patients, granulocytes were the most
predominant population overall (median frequency: CD14þ

monocytes: 0.198% vs. CD15þ granulocytes: 66.8%). Immu-
nophenotyping revealed significant differences in the relative
expressions of granulocyte markers CD11b and CD66b

compared with those from healthy donors (Fig. 2D; Supple-
mentary Fig. S1C).

As CD15þ granulocytes are the major population of circulat-
ing myeloid cells in mesothelioma patients and shared the same
immunophenotype as tumor-infiltrating granulocytes described
above, their functional effects on T cells was examined further.
Coculture of sorted whole blood granulocytes from patients
decreased both autologous CD4þ and CD8þ T-cell proliferation
at ratios of 1:1 and1:0.5 (T cells:granulocytes; Fig. 2E; Supple-
mentary Fig. S1D) and activation (P ¼ 0.0078, Fig. 2F).

Immunosuppressive granulocytes may be methodologically
identified in the PBMC layer (classical G-MDSC; low-density)
and on the red cell pellet (high density) following density
gradient centrifugation of whole blood. Analysis of separated
whole blood identified a significant increase in the frequency of
granulocytes within the PBMC layer; however, the frequency is
extremely low (median <10%) with 90% of the granulocytes
lying on the red cell pellet (Fig. 3A). This small population of
granulocytes had only a weak ability to suppress T-cell prolif-
eration (Fig. 3B). Only the high-density granulocytes, which
had increased frequency in the patients, had suppressive activity
(Fig. 3B). Granulocytes from healthy donors had minimal
effects on T-cell proliferation (Fig. 1E; Supplementary Fig.
S2A) or IFNg release (Supplementary Fig. S2B). Therefore,
granulocytes within the blood and tumors of mesothelioma
patients share the same immunophenotype and functional
capacity to suppress T-cell proliferation and activation, thus
extending the immunosuppressive microenvironment.

Mesothelioma-conditioned granulocytes suppress T-cell
proliferation by generation of ROS

Granulocytes can impair T-cell proliferation through a num-
ber of mechanisms including arginine depletion, nitric oxide
species or ROS production, and release of immunosuppressive
cytokines (15–19). We examined iNOS and arginase I expres-
sion in patients' granulocytes and those from healthy donors
identifying no significant differences in expression (Fig. 3C).
The addition of the arginase or iNOS inhibitors, nor-NOHA or
L-NMMA respectively, to sorted patients' granulocytes did not
rescue T-cell proliferation thus excluding these mechanisms
(Fig. 3D). No evidence for immunosuppressive cytokine release
from these cells was identified in patient plasma by ELISA
(IL10, IL1b, IL4, IL13; Supplementary Fig. 2C). In a mesothe-
lioma murine model, ROS have been demonstrated to suppress
T-cell responses (20). Gating on granulocytes identified that
mesothelioma patients upregulate ROS compared with healthy
controls (P ¼ 0.03; Fig. 3E; Supplementary Fig. S2D). Addition
of the ROS inhibitor iNAC to sorted patients' granulocytes
restored both autologous CD4þ and CD8þ T-cell proliferation
(Fig. 3F; Supplementary Fig. S2E) and IFNg release (Fig. 3G).
We confirmed that ROS production was reduced by the
addition of the inhibitor iNAC (P ¼ 0.031; Fig. 3H). PDL1 is
another mechanism that myeloid cells may use to modulate
T cells. There was no significant difference in the frequency of
CD15þPDL1þ cells in the blood or tumors of patients
compared with those from healthy controls (Supplementary
Fig. S2F). Correlating the frequency of PDL1þCD15þ cells with
CD3þ frequency revealed no significant correlation in the
blood (P ¼ 0.4976, r ¼ �0.3214; Supplementary Fig. S2F),
but there was a significant correlation in the tumor (P¼ 0.0583,
r ¼ 0.8286; Supplementary Fig S2G and S2H). The findings
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suggest that in the tumor, granulocyte PDL1 may be a second-
ary mechanism of modulating T-cell numbers inside the tumor
microenvironment, but not peripherally.

GM-CSF from mesothelioma tumor cells drives granulocyte
ROS production

Although it is recognized that mesothelioma tumors release
G-CSF, which may contribute to granulocyte expansion and

recruitment, the mechanism by which granulocytes are polarized
to upregulate ROS production and suppress T cells is unknown
(21, 22). Granulocytes produce ROS through the activity of
NADPH oxidase enzyme (NOX2) expression. Consistent with
this, we demonstrated that NOX2 is expressed in patients' gran-
ulocytes and healthy donors (Fig. 4A). To examine the effect of
the mesothelioma microenvironment on granulocytes, healthy-
donor–derived granulocytes were cultured in the conditioned
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Granulocytes are elevated in peripheral blood of mesothelioma patients and suppress T-cell proliferation and activation. A, Sorted CD3þ T cells from
the blood of mesothelioma patients (6 untreated, 2 with prior therapy) have reduced proliferative capacity compared with those sorted from the
blood of healthy donors. B, Increased frequency of CD15þ granulocytes in the peripheral blood of mesothelioma patients (n ¼ 33) and healthy donors (n ¼ 30)
at diagnosis. C, Marginal increased frequency of CD14þHLADR� monocytes in the peripheral blood of mesothelioma patients (n ¼ 33) and healthy donors
(n ¼ 30). D, Expression of CD15, CD16, CD11b, and CD66b markers on granulocytes of healthy donors and mesothelioma patients, as detected by flow
cytometry. E, Autologous CD4þ and CD8þ T-cell proliferation is suppressed following culture with CD15þ granulocytes sorted from the blood of
patients at diagnosis. T cells and granulocytes were cocultured at ratios of 1:0.5 and 1:1, respectively, and compared with T cells alone (1:0). F, T-cell–derived
IFNg release in culture supernatants is significantly impaired following coculture with CD15þ granulocytes sorted from the blood of patients at
diagnosis.
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Granulocytes frommesothelioma patients suppress T-cell proliferation through ROS. A, The frequency of CD11bþCD15þ cells was compared in the whole blood and
PBMC layer following Lymphoprep separation for 18 mesothelioma patients and 12 healthy donors. The majority of CD15þ granulocytes lie on the red cell
pellet following Lymphoprep separation. B, Healthy donor T-cell proliferation is most suppressed following culture in the presence of blood CD15þ granulocytes
from mesothelioma patients which have been collected from the red cell pellet (high density) after Lymphoprep separation. Low-density granulocytes isolated
in the PBMC layer of the same blood samples were comparatively less suppressive to T-cell proliferation. C, QPCR analysis of the expression of iNOS and
arginase in granulocytes sorted from healthy donors or patients. D, T-cell proliferation is not restored by the addition of L-NMMA or nor-NOHA to the cultures in the
presence of CD15þ granulocytes from patients. Two representative patients are shown. E, Increased frequency of ROSþ CD15þ granulocytes in the blood of
patients from mesothelioma patients compared with healthy donors. F, Inhibition of NOX2 activity with iNAC reversed the suppressive effect of granulocytes
on CD4 and CD8 T-cell proliferation.G, Inhibition of NOX2 activity with iNAC restored T-cell activation, asmeasured by IFNg release into cell supernatants.H,Culture
of patients' granulocytes with iNAC reduced the intracellular production of ROS confirming the known specificity of drug action.
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supernatants of mesothelioma cell lines or primary tumors.
Conditioned supernatants led to an upregulation of NOX2
expression over time (Fig. 4B), with accompanying increase in
the production (Fig. 4C; Supplementary Fig. S3A and S3B) and
release of ROS (Fig. 4D). PMA was used as positive control for
ROS induction in granulocytes upregulation, confirming the
mesothelioma specific mechanism (Supplementary Fig. S3C).
The mesothelioma-conditioned granulocytes showed a strong

ability to suppress T-cell proliferation (Fig. 4E), which could be
rescued by the addition of iNAC (Fig. 4F). LOX-1 has been
reported to be a marker for some granulocytic MDSCs (23).
Conditioned media led to no change in LOX-1 on healthy-donor
granulocytes (Supplementary Fig. 3D). Therefore, mesothelioma
cells signal to granulocytes to modulate their function.

To identify the nature of the mesothelioma-granulocyte
cross-talk, mesothelioma-conditioned supernatant was first
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ROS generation by granulocytes is upregulated by the mesothelioma microenvironment. A, Expression of NOX2 by qRT-PCR in CD15þ cells from the
blood of healthy donors and mesothelioma patients. B, NOX2 expression in CD15þ granulocytes is upregulated over time following coculture with
mesothelioma cell lines, as assessed by qRT-PCR. C, ROS production is upregulated in healthy-donor–derived granulocytes following culture in
conditioned media from sorted mesothelioma malignant cells or mesothelioma cell lines, compared with complete RPMI. ROS species are detected by
DCFDA staining and flow cytometry. D, Release of ROS from CD15þ granulocytes is upregulated after culture with mesothelioma cell lines or sorted
mesothelioma malignant cells as detected by hydrogen peroxide species, using a colorimetric assay. E, T-cell proliferation is significantly inhibited
following culture with cell line conditioned- or tumor-conditioned granulocytes. Comparison made with T cells cultured with granulocytes conditioned
by completed media alone. F, Treatment of mesothelioma cell line conditioned granulocytes with iNAC prevents suppression of T-cell proliferation.
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boiled to denature all proteins. Boiled supernatant lost the
ability to polarize granulocytes to suppress T-cell proliferation
(Supplementary Fig. S3E) consistent with the release of a
soluble molecule from the mesothelioma cells. Arginine deple-
tion, a potential mechanism of polarization due to mesothe-
lioma arginine auxotrophism, similarly did not polarize
healthy-donor granulocytes to produce ROS consistent with
this finding (Supplementary Fig. 3F).

ELISAs for cytokines involved in granulocyte signaling were
performed of supernatants from mesothelioma cell lines and
mesothelioma human primary tumor cells identified a number
of key molecules were highly expressed—G-CSF, GM-CSF, IL13,
IL6, IL8, VEGF, PGE2, mesothelin (Fig. 5a). In particular meso-
thelioma cells release IL8 (neutrophil chemotactic protein;
mean concentration 981 pg/mL) andG-CSF (mean concentration
283 pg/mL), which are known to attract granulocytes into the
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Figure 5.

Mesothelioma cells release GM-CSF to upregulate granulocyte ROS and suppressive activity. A, Cytokine multiplex assay determined the cytokine profile
of tumor cell supernatants and cell line supernatants. Increased concentrations of GM-CSF, IL8, GCSF, VEGF, IL6, and mesothelin are found. Low
concentrations of prostaglandin E2 and IL13 were detected. B, Transcriptomic expression of GMCSF, GCSF, IL6, IL13, IL8, VEGF, and mesothelin in 87
mesothelioma tumors from the R2: Genomics and Visualisation Platform. C, ROS production (DCFDA staining) by healthy donor CD15þ cells treated with
detected cytokines to determine which were capable of enhancing ROS production. GM-CSF increased ROS production most prominently. D, T-cell
proliferation was significantly suppressed by granulocytes conditioned with recombinant GM-CSF, compared with control granulocytes. Ratios of 1:1 and
1:0.5 T cells:granulocytes shown. E, Inhibition of granulocyte ROS production (iNAC) or accumulation (catalase) after healthy-donor granulocytes were
conditioned with GM-CSF restores T-cell proliferation compared with controls.
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tumor microenvironment. No evidence of serum amyloid-A
release from mesothelioma cells was found. Interrogation of the
R2 database confirmed a similar cytokine expression profile
from 87 human tumors (Fig. 5B). Culture of healthy-donor
granulocytes with individual recombinant cytokines identified
above showed that GM-CSF led to the highest upregulation
of ROS production (Fig. 5C) with associated upregulation in
NOX2 expression (Supplementary Fig. S3G). Granulocytes trea-
ted with recombinant GM-CSF inhibited T-cell proliferation
(Fig. 5D and E), and T-cell proliferation was rescued by the
inhibitor (iNAC) or removal of ROS with catalase (Fig. 5E). No
increases in plasma GM-CSF concentrations are identified in
patients at diagnosis, suggesting that the intratumoral release of
GM-CSF drives the ROS upregulation in granulocytes (Supple-
mentary Fig. S4A). Addition of anti-GM-CSF–neutralizing anti-
body to mesothelioma cell line cocultures inhibited ROS upre-
gulation (Fig. 6A and B) and the release of peroxide species in
conditioned granulocyte supernatants (Supplementary Fig. S4B)
confirming mesothelioma-released GM-CSF drives granulocyte
ROS production and T-cell–suppressive activity. The addition of
anti-GM-CSF–neutralizing antibody rescued T-cell proliferation,
confirming the mechanism of mesothelioma polarization of
granulocytes (Fig. 6C).

ROS production from conditioned healthy granulocytes cor-
related with the concentration of GM-CSF in tumor-conditioned
media (r¼0.438,P¼0.0118; Fig. 6D). Immunohistochemistry of
mesothelioma tumors confirmed that GM-CSF is expressed with-
in the tumor microenvironment of patients (Fig. 6E; Supplemen-
tary Fig. S4C) and transcriptomic analysis of 87 primary tumor
samples within the R2: database demonstrated that GM-CSF is
expressed in over 50% of the samples and does not correlate with
histological subtype (Fig. 6F).

In summary, mesothelioma creates an immunosuppressive
microenvironment locally and systemically through the release
of GM-CSF from tumor cells, which induces granulocyte ROS
production to inhibit T-cell function.

Discussion
Although the role of monocytes and macrophages in meso-

theliomas has previously been well documented in human
tissue and murine models, granulocytes have received little
attention. In this study, we focused on human mesotheliomas,
identifying the mechanism by which tumor cells modulate
granulocyte function to suppress T-cell responses. A previous
immune-histochemical study identified that high CD4 T-cell
counts or low neutrophil counts within mesothelioma tumors
are linked to better patient outcomes (24). To evaluate the
seemingly reciprocal relationship between granulocytes and T
lymphocytes, we first confirmed that granulocytes make up a
significant proportion of infiltrating immune cells with rela-
tively fewer T cells. To date, granulocyte function in mesothe-
liomas has almost exclusively been studied in murine cell line
xenografts. Murine granulocytes may be alternatively activated
in mesotheliomas (N1 vs. N2) or characterized as granulocytic
MDSCs (G-MDSC; refs. 13, 20, 25). In all of these murine cases,
the granulocytic cells express ROS—a well-established mecha-
nism of T-cell suppression (26). We carefully considered
whether our tumor-infiltrating and -circulating granulocytes
could be G-MDSC according to recent guidelines for nomen-
clature which define MDSCs based on immunophenotype,

density, and suppressive activity (27). In our mesothelioma
patients, both circulating and tumor-associated granulocytes
were CD11bþCD14�CD15þ/CD66bþ fitting with the G-MDSC
phenotype. However, blood G-MDSCs are classically described
as being low-density cells following separation with density
centrifugation. We showed that in mesothelioma patients'
blood, low-density granulocytes are a minority population
within the PBMC layer and have minimal T-cell suppressive
activity—thus the two populations are distinct. In addition, no
evidence of altered LOX-1 expression, a marker recently iden-
tified on low-density G-MDSCs, was found after mesothelioma
conditioning of healthy-donor granulocytes (23). The most
suppressive granulocytes are those of high density and act
through ROS release. The intratumoral granulocytes we studied
share the same immunophenotype and suppressive mecha-
nism. As discussed in the consensus recommendations based
on current technology, there is no unique marker to distinguish
suppressive granulocytes from G-MDSC, particularly for intra-
tumoral cells. Notably, the need to use cell density on separa-
tion as a method to define immune cell subsets is extremely
limited, and alternative methodologies will be developed for
the future characterization of these cells. Our findings highlight
the plasticity of granulocytes in humans and their place in
regulating the tumor-associated immune microenvironment
(13). Similar examples of human cancer–associated, immuno-
suppressive granulocytes, as opposed to G-MDSC, have been
identified in melanoma and non–small lung cancer, driven
through the release of tumor-derived factors (15, 28).

Our analysis of the supernatants of mesothelioma cell lines
and primary tumor tissue revealed a cytokine profile consistent
with granulocyte attraction and modulation within the tumor
microenvironment. A number of factors have been reported to
modulate granulocyte function in murine models of mesothe-
lioma. In a murine model of mesothelioma, prostaglandin
inhibition reduced the number of granulocytic MDSCs (20).
TGFb within murine mesothelioma tumors also drives the
expression of the chemokines CCL3, CCL5, and CCL2 in pro-
tumoral granulocytes (29). For humans, no direct mechanism of
mesothelioma modulation of granulocytes has been shown
although the mesothelioma-inducing mineral erionite can
directly stimulate ROS production in healthy-donor–derived
neutrophils (30). IL8 (CXCL8) is a potent proinflammatory
cytokine and is primarily known for its chemotactic and acti-
vating action on neutrophils, along with inhibition of normal
neutrophil apoptosis (31–33). Our finding of moderate levels of
IL8 released from mesothelioma cells may contribute to the
enhanced granulocytes infiltration of mesothelioma tumors.
Targeting of IL8 in models of tumors such as fibrosarcoma and
prostate carcinoma prevents the influx of host neutrophils (34).
IL8 is also an autocrine growth factor in a number of cancer types
(35–37) including mesothelioma (38).

We identified that meostheliomas can also release G-CSF,
a second well-established cytokine that induces granulocyte
infiltration. Notably, G-CSF production by mesothelioma is
reported to confer a more aggressive phenotype (39–41).
Although we confirmed mesothelioma tumors release IL8 and
G-CSF or prostaglandins, these factors had no impact in gen-
erating suppressive granulocytes. Instead, we demonstrated that
GM-CSF is expressed by mesothelioma tumor cells and can
polarize granulocytes to upregulate ROS production. No dif-
ferences in the effect of granulocyte-derived ROS was found on
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Anti-GM-CSF–neutralizing antibody can prevent granulocyte suppressive function. A, The addition of anti-GM-CSF–neutralizing antibody to mesothelioma
cell line conditioned media prevents granulocyte ROS expression, as measured by DCFDA staining. Representative histograms for ED cell line shown.
B, The addition of anti-GM-CSF–neutralizing antibody to mesothelioma cell line conditioned media prevents granulocyte ROS expression. Geometric
means for DCFDA staining shown following flow cytometric detection. C, The addition of anti-GM-CSF–neutralizing antibody to mesothelioma cell line
conditioned media prevents granulocyte-suppressive activity compared with granulocytes cultured in tumor-conditioned media alone. D, Correlation
between GM-CSF concentrations in tumor-conditioned media and expression of ROS in conditioned granulocytes, as measured by DCFDA mean fluorescence
intensity by flow cytometry. Linear correlation line shown. E, Immunohistochemistry staining demonstrating the presence of GM-CSF in mesothelioma tumor
sections. Mesothelioma of epithelioid (first image), adenomatoid (second and third images), and mixed/biphasic (fourth image) type demonstrated
cytoplasmic positivity of tumor cells in a diffuse pattern. Images taken at 20� magnification. F, Interrogation of 87 primary tumor samples within the
R2: database demonstrated that GM-CSF is expressed in over 50% of the samples and did not correlate with histological subtype.
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CD4þ versus CD8þ T cells. Establishment of cell lines from
primary mesotheliomas has reported significant production of
GM-CSF (42) and this cytokine can drive suppressive granu-
locyte activity in murine models for a number of solid tumors
(43–45). Although we identified GM-CSF was widely expressed
in our samples studied, the effects of prior therapies in our
patient population on GM-CSF expression is unknown.

Clinically, GM-CSF has been used as an alternative to G-CSF
to support myeloid cell recovery postchemotherapy in meso-
thelioma patients (46, 47). No differences in outcome were
reported for the two growth factors, although the effects on
immune parameters are not available. Recombinant GM-CSF
has also been administered alongside a tumor vaccine in this
patient group (48–50) and used alongside immunotherapy
approaches in neuroblastoma. In the mesothelioma studies,
GM-CSFwas administered to patients in all study arms, regardless
of whether they received the investigational tumor/peptide vac-
cines or not. Although responses are noted, it is not possible to
understandwhether the cytokine had any effect onoutcomes both
within the trial populations or compared with historical controls.
It is possible that administration of GM-CSF may inhibit antitu-
mor T-cell responses, through the induction of G-MDSC, con-
tributing to the lack of clinically relevant T-cell responses seen in
these patients. In two trials where GM-CSF was administered
intralesionally to mesothelioma, neutrophil infiltration andmat-
uration were enhanced; however, this was not associated with
tumor responses in the majority of patients (51, 52). Indeed, a
phase II clinical trial in neuroblastoma demonstrated differ-
ence in prognosis if GM-CSF is administered intravenously versus
subcutaneously, which could affect the dose-dependent effects of
this cytokine on granulocyte phenotype (53, 54).

Preclinical studies that block GM-CSF have resulted in
reversal of T-cell inhibition by MDSCs in the setting of
pancreatic tumors and improvements in phenotype in inflam-
matory disease models (55, 56). Our data suggest that target-
ing the GM-CSF pathway may be of benefit in mesothelioma.
Clinically relevant approaches to target GM-CSF have been
focused on inflammatory diseases (57). Mavrilimumab (CAM-
3001) is a human anti–GM-CSF receptor—an antibody that
has completed phase I and II clinical trials in the setting of
rheumatoid arthritis (58). Our findings suggest that anti–GM-

CSF or anti–GM-CSF receptor antibodies could play a critical
role in mesothelioma treatment, particularly alongside T-cell
immunotherapies.
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