
                  

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lauren Evans 

 

Thesis submitted for the degree  

DOCTOR OF PHILOSOPHY 

 

Division of Cancer and Genetics 

School of Medicine 

Cardiff University 

2020 

 

 

 

Reprogramming myeloid cell-

mediated immunosuppression in 

the lung cancer microenvironment  



                  

i 
 

Acknowledgements 

First and foremost, I would like to thank Cardiff University School of Medicine for 

funding my research; this PhD studentship would not have been possible without their 

support. Additionally, I would like to extend my upmost thanks to the healthy donors 

and cancer patients who kindly donated primary research samples for this study.  

During my PhD studies, I have been extremely fortunate to have had the support of 

many colleagues and associates within TMEG. My deepest gratitude must be reserved 

for my supervisor, Dr Zsuzsanna Tabi. You have gone above and beyond to support 

and guide me throughout my studies, and have done so with inexhaustible patience 

and compassion. Thank you for pushing me to always be better and giving me the 

perfect amount of independence to learn so much during my time working alongside 

you. It is because of your supervision, that I feel confident of my abilities as a 

successful researcher in all future endeavours. I am also incredibly thankful to my 

supervisors Professor Aled Clayton and Professor Rachel Errington. You have had my 

back through everything, and I owe my ongoing motivation and resilience to you both.  

I was extremely fortunate to have the opportunity to collaborate with many excellent 

clinical and academic researchers during my postgraduate studies. In particular, my 

thanks goes to Professor Richard Attanoos for his ongoing clinical advice throughout 

the project. I am very appreciative of the time that you have given up from your 

extremely busy schedule to teach me all I know about histology. Additionally, the 

project would not have been the same without the help of Begonia Morales-Aza, 

Elizabeth Oliver, and the additional team members from Bristol University who kindly 

donated their time and NanoString equipment for this study. I am extremely grateful to 

the staff at the Wales Cancer Bank, and members of the Cardiff lung Multidisciplinary 

Research Group, for their involvement in patient consenting and sample procurement. 

It is impossible to convey how fundamental my lab guru’s, Dr Kate Milward and Dr 

(yay!) Amy Codd, have been to my success as a PhD researcher. These two 

individuals have taught me almost everything I need to know about the practical 

workings of the lab. I hope wherever I end up in the future, I am lucky enough to work 

with similarly patient, enthusiastic, and intelligent scientists, such as yourselves. To my 

favourite Portuguese, Sara Veiga, thank you for telling me that I am a rockstar every 

day. Your friendship and our PhD shrine has kept me motivated and grounded these 

past 3 years, and I could not think of anyone else I would rather have spent my time 

working with. If I could only take one Portuguese with excellent calves to a desert 

island, it would be you! Thank you to Dr Jason Webber, for all of the excellent 



ii 
 

molecular biology advice. Dr Andreia de Almeida, thank you for making science fun, 

showing me how collaborations should be done, and being an awesome friend who 

makes fantastic garlic butter. Mark Gurney, you are free, I am never going to have to 

ask you about the plate reader ever again! COVID-19 may have put a slight spanner in 

the works for lab progress, but I am extremely grateful to Marie Wiltshire for her 

endless hard work in getting all PhD researchers back in the lab safely, allowing me to 

complete all essential experiments before the end of my project. Finally, I would like to 

extend my greatest thanks to the wider group: Alex Cocks & Shephard (honorary), 

Thea Konstantinou, Muireann Ni Bhaoighill, Rachel Howard-Jones, and Dimitris 

Parthimos for their ongoing technical advice and support throughout my PhD. Guys, 

this is how research should be done - in a group filled with supportive individuals with 

who build you up, and not tear you down! I can honestly say that, whilst it has been 

hard at times, I have had the best PhD experience possible in TMEG, thanks to the 

ongoing support from you all.  

Finally, I want to thank my parents for their continued support and encouragement 

throughout my many years of education – I promise you, this is the final one! To my 

long-suffering partner, Oliver Thomas, and my closest friends, thank you for putting up 

with my nonsense over the past three years, particularly during the manic writing-up 

phase. I am eternally grateful for all of you, this thesis would not have been possible 

without you.  

  



iii 
 

Summary 

In the lung tumour microenvironment (TME), pro-tumoral, immunosuppressive M2-like 

macrophages (M2-like Ms) present an obstacle for effective immunotherapy 

treatment. Pre-clinical research has predominantly used in vivo mouse models to 

represent the in situ TME. However, such models do not faithfully replicate the human 

immune system therefore, providing inadequate measures of immunotherapeutic 

response. Human tumour-derived explants maintain the original 3D tumour architecture 

and combination of multiple cell types. Therefore, we established an ex vivo tumour 

explant model of non-small cell lung cancer (NSCLC), incorporating tumour-

conditioned Ms (TCMs), to determine the role of Ms in mediating response to 

immune-checkpoint inhibitors (ICIs). Explant outputs were compared to those achieved 

using an in vitro 3D heterotypic (tumour- and stroma-containing) NSCLC spheroid 

model in preliminary studies. We hypothesised that successful cellular responses to 

anti-PDL-1 therapy within the lung TME is M-mediated, and that reprogramming of the 

immunosuppressive M state, ex vivo, has the potential to bolster ICI efficacy.  

Using a novel multi-marker analysis approach, we showed that both heterotypic 

spheroids and NSCLC explants promote M1- (CD206loCD64hi) to M2-like 

(CD206hiCD64lo) M polarisation. IFN and LPS treatment reversed explant-mediated 

M2-like skewing, demonstrating the high phenotypic plasticity of Ms in the TME. 

Transcriptomic analysis of 770 immuno-oncology genes, followed by protein validation 

of novel targets, identified CD54 and 2 microglobulin (B2M) as novel M1-specific M 

markers. Further analysis revealed B2M/CD206 as a superior marker combination for 

defining M1, M2, and intermediate M populations, in vitro. 

Importantly, NSCLC explants, but not heterotypic spheroids, significantly suppressed T 

cell responses, revealing patient-derived explants as a more relevant model, than 

existing 3D human models, for studying tumour-immune interactions within lung 

cancer. The production of anti-inflammatory factors e.g. IL-10 and arginase from T cell 

cultures was significantly elevated in the presence of explant-conditioned Ms, but not 

explants alone, demonstrating that TCMs significantly contribute to the development of 

an immunosuppressive lung TME.  

The PDL-1 inhibitor, Atezolizumab significantly improved T cell function and reduced 

explant-mediated immunosuppression in 1/6 patients, particularly in the presence of 

M2-like Ms and TCMs. This suggests that response or resistance to anti-PDL-1 

therapies may be partially M-dependent. Interestingly, the immune-modifying agents 

BLZ945 and Zometa, previously shown to reprogram the M2-like M phenotype into an 
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M1-like state, significantly released explant-conditioned M-mediated suppression ex 

vivo. Moreover, a positive trend in improved CD4+ T cell responses was observed from 

explant-conditioned M co-cultures following Atezolizumab/Zometa combination 

treatment, compared to treatment with Atezolizumab alone.  

Overall, the results of this study implicate the NSCLC explant model as a potential tool 

for predicting patient response to anti-PDL-1 immunotherapy, and exploring 

combination therapies to improve ICI response, ex vivo. Ongoing research aims to 

determine the optimal Zometa administration and dosing regimen in an attempt to 

improve the treatment efficacy of ICIs. Clinical use of the NSCLC explant model may 

speed up decision making for personalised treatment combinations, in cancers 

amenable to immune-checkpoint inhibition. 
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1 Introduction 

1.1 Cancer immunology 

1.1.1 Cancer immunosurveillance 

Controversies surrounding the cancer immunosurveillance hypothesis 

The cancer immunosurveillance hypothesis suggests that the host immune system is 

capable of recognising and eliminating neoplastic cells. Whilst this concept was 

proposed as early as 1909(1), the cancer immunosurveillance hypothesis was coined 

approximately sixty years later by Burnet and Thomas(2-4), following observations of 

higher cancer incidence in immunosuppressed patients undergoing organ 

transplantation. However, the validity of this hypothesis has been the centre of debate 

for many decades, since clinical results could not be reproduced using early pre-clinical 

immunodeficient murine models(5, 6). However, limitations in experimental design when 

using athymic nu/nu mice, which have now been shown to retain B cell, natural killer 

(NK) cell, and non-thymic-dependent T cell populations, resulted in the nude mice not 

being fully immunocompromised, but possessing fundamental immune cells involved in 

tumour elimination(5-7). Additionally, the 3-7 month tumour monitoring period, used in 

pre-clinical testing, was too short to enable spontaneous tumour formation. Following 

optimisation of methodologies and the development of the recombination-activating 

gene (RAG)-2 knockout murine model, deficient in T cells, B cells, and NKT cells, 

spontaneous development of gastrointestinal tumours were detected in these 

immunodeficient mice by the age of 15-16 months(8). As well as immune cells 

themselves, genetic ablation of immunogenic effector molecules including interferon 

(IFN)//, granulocyte-macrophage colony-stimulating factor (GM-CSF), perforin, and 

tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) has been strongly 

associated with tumour development(7-12). These factors play a pivotal role in anti-

tumour immunity.  

Tumour-mediated immune alterations 

Despite convincing data supporting the cancer immunosurveillance hypothesis being 

collected in immunocompromised clinical and pre-clinical models, many studies have 

reported the establishment of neoplastic lesions in immunocompetent individuals, as a 

result of cancer-mediated alternation of anti-tumour innate and adaptive host immune 

responses(8, 13-15). The development of mechanisms for tumour evasion of immune 

recognition and destruction, underpinned the hypothesis of the ‘Three Es of cancer 

immunoediting’ which is multifaceted and composed of three phases: Elimination, 

Equilibrium, Escape, as described by Dunn et al.(14). These phases represent the 
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dynamic, reversible, and recurring interactions which occur between the host immune 

system and neoplastic cells over a lifespan, and are further detailed below (Fig. 1.1). It 

is of importance to note the complete bypass of the cancer immunoediting process in 

immune silent, or ‘cold’, tumours which lack immune cell, namely T lymphocyte, 

infiltrations(14).  
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Figure 1.1. Cancer immunoediting: the three phases 

Successful elimination of transformed cells is mediated by innate and adaptive immune cells 

(dendritic cells, DCs; macrophages, Ms; natural killer cells, NK cells; CD4+/CD8+//NKT 

cells) which initiate anti-tumour responses (namely, secretion of IFN, IL-12, TNF, and 

TNF-related apoptosis-inducing ligand (TRAIL)). The immune system surveys and identifies 

intrinsic signals expressed by tumour cells including damage-associated molecular patterns 

(DAMPs, also known as ‘danger signals’), tumour-associated antigens, and NK ligands. 

Incomplete tumour elimination results in the entry of persisting neoplastic cells into the 

equilibrium phase of immunoediting. Here, transformed cells enter ‘dormancy’ where anti-

tumour responses are sufficient to prevent tumour expansion. Selection pressures instigate 

increased genetic instability and the emergence of less-immunogenic cancer cell clones, 

allowing tumour evasion of anti-tumour immune responses and promotion to the final escape 

phase. Tumour escape is mediated by the development of an immunosuppressive TME 

following the recruitment of anti-inflammatory immune cells (M2-like Ms; myeloid-derived 

suppressor cells, MDSCs; regulatory T cells, Tregs), which secrete suppressive factors (e.g. 

IL-4/6/10; vascular endothelial growth factor, VEGF; matrix metalloproteinases, MMPs; 

transforming growth factor beta, TGF; indoleamine 2,3-dioxygenase, IDO; macrophage 

colony-stimulating factor, M-CSF), to the tumour site. Additionally, immunoinhibitory 

checkpoint molecules are upregulated on tumour (PDL-1) and immune (PD-1, CTLA-4, and 

LAG-3) cells following immune overstimulation and exhaustion. Such immunosuppressive 

signalling inhibits immune-mediated tumour cell killing by limiting CD8+ T cell and NK cell 

functions. All phases are reversible. Original figure adapted from multiple sources(16-18). 

Figure created using Servier Medical Art templates (licensed under a Creative Commons 

Attribution 3.0 Unported License); https://smart.servier.com.  

 

https://smart.servier.com/


                                                                                                                                                  Chapter 1: Introduction 

5 
 

1.1.2 Cancer immunoediting  

Elimination 

The concept of immunoediting details the dual roles of the host immune system in 

preventing tumour development, whilst also contributing to tumour growth(15-19). The 

elimination phase embodies the classical concept of immunosurveillance, whereby 

elements of the innate and adaptive immune system, including interferons and pro-

inflammatory cytokines, M1-like macrophages (M1-like Ms), dendritic cells (DCs), NK 

cells, and T cells (CD8+, CD4+, NKT, and  T cells), recognise and engage the 

transformed cells, resulting in successful elimination of nascent tumours(14-18, 20) (Fig. 

1.1).  

Tumour-specific immune responses during this elimination phase are mediated by the 

recognition of tumour-associated antigens (TAAs) expressed/secreted by malignant 

cells, but not normal, ‘healthy’ cells(21, 22). TAAs trigger adaptive immune responses 

which involve the elimination of tumours by ‘tumour-specific T cells’ which recognise, 

and are activated by, TAA-bound major histocompatibility complex (MHC) 

complexes(22, 23). Additionally, the over-expression of stress-inducible proteins (e.g. 

NKG2D ligands including UL16 binding proteins (ULBPs) and MHC class I chain-

related protein (MIC)A/B), endogenous tumour-associated damage-associated 

molecular patterns (DAMPs or ‘danger signals’ e.g. high mobility group box 1 

(HMGB1), and extracellular matrix (ECM) components including hyaluronic acid), are 

further required for cytotoxic immune cell activation, and subsequent elimination of 

cancer cells(24-26). These factors are especially important for the release of pro-

inflammatory cytokines from the immune milieu. 

Equilibrium 

Whilst successful immunosurveillance responses can eradicate a significant proportion 

of transformed cells, preventing bulk tumour development and growth, any surviving 

neoplastic cells may progress into the equilibrium phase(14, 16-19) (Fig. 1.1). Often the 

longest phase, extending over many years, the equilibrium response includes the 

dynamic and continuous interaction between tumour cells and the host immune 

system, where leukocytes exert potent anti-tumour responses, sufficient to prevent the 

expansion, but not complete elimination of, malignant growths(27). A common clinical 

scenario supporting the existence of tumour equilibrium is the emergence of disease 

relapse in breast cancer patients who appeared ‘disease-free’ for at least 10 years 

following therapeutic intervention of the primary tumour, despite exhibiting 

micromestastases(28). The micrometastases fail to progress in the periphery, and are 

kept at bay, yet are not fully eliminated. As such, this latency phase of tumour 
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‘dormancy’ occurs before the escape phase and subsequent emergence of clinically 

detectable malignant disease(14, 16-18, 27). Tumour cell resistance to immune-mediated 

elimination is favoured by a combination of immunoselection of less immunogenic 

tumour clones, and genetic instabilities resulting in gene editing, both of which promote 

tumour survival(8, 18, 19). Specifically, genetic instability is mirrored by a changing TAA 

landscape and therefore, a high turnover of cancer-specific targets for the immune cell 

milieu is established during the equilibrium phase. A large antigen-specific T cell 

repertoire is required at this stage to prevent disease progression. The equilibrium 

phase is maintained by the adaptive immune system, where IFN and IL-12 have been 

shown fundamental for tumour control(29-31) (Fig 1.1). However, during tumour 

equilibrium, transformed cells have been observed to increase production of anti-

inflammatory cytokines, namely IL-4 and IL-10, which mediate the activation of a 

plethora of immunosuppressive immune cells including: M2-like Ms, myeloid-derived 

suppressor cells (MDSCs), and regulatory T cells (Tregs)(30, 32, 33). As such, the host 

immune system raises pro-tumour responses through the establishment of an anti-

inflammatory cytokine production positive feedback loop.  

Escape 

The final, escape, phase encompasses the failure of the host immune system to 

eliminate and control the growth of transformed cells. Often tumour escape occurs by 

the emergence of transformed cells from dormancy(14, 16-19) (Fig. 1.1). However, in 

some aggressive tumour types, e.g. pancreatic cancer, the escape phase may occur in 

the absence of equilibrium (Fig. 1.1). The tumour switch to complete immune evasion 

is underpinned by three main intra-tumoral mechanisms(15, 16, 19, 30):  

1) Reduced tumour immunogenicity. 

2) Downregulation of pro-inflammatory immune cell ligands. 

3) Subversion of immune responses through upregulation of immunosuppressive 

molecules on tumour cells or supporting stroma, namely receptors and soluble 

factors. 

Loss of tumour immunogenicity can be achieved through altering antigen presentation 

to immune cells. Downregulation of MHCI molecules on tumour cells impairs TAA 

presentation and recognition by T cells(19, 34, 35) (Fig 1.1). De novo mutations in tumour 

antigens can reduce the efficacy of MHC:peptide interactions, as well as T cell receptor 

(TCR) binding to MHC:peptide complexes, in some instances, both of which can 

additionally limit the recognition and elimination of tumour cells by previously activated 

T cells(19, 34). Moreover, dysregulation in intracellular pathway components involved in 

antigen presentation, for example mutations in the transporter for antigen processing 

(TAP) proteins (TAP1; TAP2), or the cellular proteasome, has been documented in 
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some cases(35, 36). The further loss of DAMP signals and immunogenic NKG2D ligands 

allows transformed cells to become less susceptible to immune recognition(16, 19, 30).  

Tumour evasion of immune responses is influenced by reprogramming the TME, such 

as the secretion of immune-inhibitory cytokines (IL-6; IL-10; macrophage colony-

stimulating factor, M-CSF; transforming growth factor beta, TGF vascular endothelial 

growth factor VEGF), resulting in the recruitment of immunosuppressive immune cells, 

as described above, that inhibit anti-tumour NK and CD8+ T cell effector functions(16, 18, 

30) (Fig. 1.1). The role of these factors in suppressing immune cell function within the 

tumour microenvironment (TME) is multifaceted and is detailed further below. 

VEGF 

Alongside its fundamental role in mediating angiogenesis and tumour dissemination, 

VEGF production from tumour cells inhibits the stimulatory capacity of DCs to present 

antigens and promote pro-inflammatory T cell responses(37). Within the TME, tumour 

cells modify the supporting stroma to become tumour-associated and cancer-promoting 

through the production of VEGF, IL-4, matrix metalloproteinases (MMPs), and survivin, 

producing a positive feedback loop of anti-inflammatory soluble factor secretion(13, 16, 30, 

38) (Fig. 1.1). 

In addition to VEGF, colony-stimulating factor (CSF; granulocyte, G-, macrophage, M-, 

granulocyte macrophage, GM-), interleukins (IL-1; IL-10; IL-6), and prostaglandin E2 

production from tumour and stromal cells result in the generation and expansion of 

MDSCs from immature myeloid cells within the TME(39, 40). MDSCs are heterogeneous 

in nature, and are potent inhibitors of anti-tumour T cell functions, particularly through 

the production of TGF and IL-10(39, 40). The role of MDSCs in mediating cancer 

progression will be discussed in later sections.  

TGF and IL-10 

During the escape phase, the production of TGF from tumour cells, tumour-

associated Ms (TAMs), cancer-associated fibroblasts (CAFs), and MDSCs within the 

TME leads to conversion of CD4+ T cells into Tregs(41, 42). Whilst Tregs are regulators of 

self-tolerance within normal tissues, cancer cells exploit their tumour-supporting 

immune functions, which once transformed at the tumour site, aid in the development 

of an immunosuppressive TME(41, 42). Specifically, the cyclical production of TGF and 

IL-10 from, as well as the expression of inhibitory immune-checkpoint proteins (further 

described below) by, Tregs inhibits cytotoxic CD8+ T cells responses in a contact 

independent and dependent manner, respectively(41, 42) (Fig. 1.1).  
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TAMs often exhibiting an M2-like M phenotype, are induced following exposure to Th2 

cytokines (IL-4; IL-10; IL-13) and restrict anti-tumour immune responses through the 

production of the suppressive molecules: TGF and IL-10(43, 44) (Fig. 1.1). Additionally, 

TAMs have been reported to support the development of a pro-angiogenic TME and 

tumour-promoting stroma, through the secretion of VEGF, TGF, and platelet-derived 

growth factor (PDGF)(43, 44). Overall, TAMs have been associated with localised 

immunosuppression and pro-tumour activity. The existence of M1-like TAMs, and the 

role that TAM subsets play in promoting tumour progression, is discussed in later 

sections. It is of importance to note that suppression of T cell function within the TME is 

also underpinned by M-independent mechanisms(45). The presence of Tregs, MDSCs, 

CAFs, or T cell exhaustion, as a result of chronic engagement of the TCR with TAAs, 

equally contribute to the promotion of an immunosuppressive TME(32, 45-48). Finally, the 

accumulation of TGF and IL-10 from tumour cells, CAFs, and various immune cells 

directly inhibits T and NK cell activation, as well as pro-inflammatory DC functions 

through inducing a Th2-type immune response(49-51). 

In order to further avoid recognition by the host immune system, tumour cells are 

capable of expressing natural inhibitory proteins (e.g. programmed cell death-ligand 1, 

PDL-1), which are normally involved in the negative regulation of immune cells 

following successful pro-inflammatory responses(13, 16, 30, 38) (Fig 1.1). Interestingly, 

tumour-influenced immune cells within the TME are additionally capable of expressing 

such molecules including: cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), 

programmed cell death protein 1 (PD-1), and lymphocyte-activation gene 3 (LAG-3). 

Activated CD8+ T cells have been found to express all of these immune-checkpoints 

whilst Tregs and M2-like Ms most commonly express CTLA-4 and PD-1, 

respectively(13, 16, 30, 38) (Fig. 1.1). PDL-1 expression by M1-like Ms and CAF-

conditioned DCs has also been observed(18, 52). These ‘immune-checkpoint’ molecules 

work by inhibiting effector immune cell functions, and may induce T cell anergy or 

cytotoxic T cell apoptosis through Fas-Fas ligand (FasL)-mediated mechanisms in 

some instances(18, 48, 53, 54). 

Furthermore, inhibition of tumour apoptotic signalling pathways is a major way in which 

tumours avoid immune cytotoxicity. Specifically, downregulation of pro-apoptotic 

molecules (FAS; TRAIL; BCL-2-associated protein, also known as BAX)(55-57) and 

upregulation of anti-apoptotic molecules (B-cell lymphoma 2, BCL-2; B-cell lymphoma-

extra large, BCL-XL; cellular FLICE-inhibitory protein, c-FLIP; inhibitor of apoptosis, 

IAP family members)(55, 58) on tumour cells, results in reduced cytotoxic T cell-mediated 

elimination of cancer cells.  
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1.1.3 The complexity of cancer immunobiology: harnessing 
innate and adaptive immunity 

Complexities surround the acute and chronic stimulation of the host immune system 

during cancer. Specifically, inflammation within the TME is associated with both tumour 

eradication and promotion, depending on the state of tumour development.  

The role of acute and chronic immune activation in mediating tumour 
development 

Generally, acute cancer-mediated activation of the immune system can result in anti-

tumour immune responses(59, 60). Innate immune cells (Ms; DCs; neutrophils; NK and 

mast cells; basophils; eosinophils) are the first line of defence against foreign 

organisms and cancer cells. Ms, mast cells, and immature DCs specifically reside in 

tissues, where they monitor their environment for perturbations in tissue homeostasis. 

Upon signs of stress and/or infection, sentinel Ms and mast cells function 

independently of the adaptive immune system by releasing a plethora of soluble factors 

(cytokines/chemokines; MMPs; reactive oxygen species; histamine), which mediate 

direct inflammation and infiltration of pro-inflammatory innate and adaptive leukocytes 

into the compromised tissues(59). In particular, NK cell infiltration into gastric- and 

colorectal-derived tumours has been linked to favourable patient prognoses(61, 62). 

Moreover, the presence of tumour-infiltrating lymphocytes (TILs) within tumours has 

been associated with favourable clinical outcomes, where high levels of CD8+ TILs 

have been associated with an increased overall survival (OS) and progression-free 

survival (PFS) for patients with skin(63), lung(64), colorectal(65), cervical(66), ovarian(67), and 

urothelial cancer(68).  

In contrast, chronic activation of immune cells residing in or around pre-malignant 

tissue can promote neoplastic transformation and tumour development, primarily 

resulting from the exhaustion of anti-cancer T cells following chronic engagement with 

TAAs(59, 60).  Innate cells additionally release pro-proliferative and -angiogenic signals in 

response to chronic inflammation. Specifically, the high abundance of infiltrating Ms 

and mast cells within the TME has been associated with unfavourable clinical 

prognoses in breast, skin, and non-small cell lung cancer (NSCLC)(69-72). These factors, 

in part, may explain the positive association between individuals with high risk of 

chronic inflammatory disease and increased incidence of cancer development(60).  
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Antigen processing and presentation: the bridge between the innate and 
adaptive immune system 

Tumour-associated antigens 

TAAs are molecules which enable the host immune system to differentiate cancer cells 

from their non-transformed counterparts. TAAs are often derived from mutated or 

spliced self-protein (KRAS and BCR/ABL, respectively), over- or aberrantly-expressed 

normal self-protein (human epidermal growth factor receptor 2, HER2; mucin 1, MUC1; 

human telomerase reverse transcriptase, hTERT; prostate-specific antigen, PSA; 5T4 

oncofetal antigen; cancer testes antigen), or tumorigenic viral proteins (human 

papillomavirus, HPV; Epstein-Barr virus, EBV)(13, 22, 73). The majority of self-protein-

derived TAAs are described as conventional TAAs, which are directly translated from 

canonical protein-coding sequences (‘exonic’ peptides). However, Laumont et al.(74) 

demonstrated that 10% of MHCI-associated peptides originate from non-protein coding 

genomic sequences or exonic out-of-frame translation (‘non-exonic’ peptides). These 

non-exonic peptides possess more immunogenic genomic polymorphisms and harbour 

different MHC-binding motifs, and therefore human leukocyte antigen (HLA) 

specificities, to that of conventional TAAs. As such, these non-exonic peptides enhance 

the scope for peptide-specific T cell immunosurveillance responses. 

Of all TAAs, those derived from cancer-causing viruses are the most immunogenic 

since these represent antigens exogenous to the host. Of the self-antigens, non-native 

tumour-specific peptide sequences (‘neoantigens’) arising as a result of mutations in, or 

splicing of, endogenous proteins, or translation of non-exogenic peptide sequences, 

are the most immunogenic(13, 22, 73, 74). Potent tumour-specific immune responses to 

TAAs are underpinned by either an overabundance of antigen, or enhanced 

presentation through improved antigen processing. 

The processing and presentation of TAAs 

The processing and presentation of antigens to naïve lymphocytes is the main 

mechanism by which cancer cells and pathogens are recognised by the adaptive 

immune system(75). Bone marrow-derived DCs are a heterogeneous population of 

professional antigen-presenting cells (APCs) at the interface of the innate and adaptive 

immune responses. DCs are the main APCs responsible for the processing and 

presentation of antigens, collected from peripheral tissues, to mature, naïve 

lymphocytes of the adaptive immune system residing in the bloodstream, lymph nodes, 

or additional secondary lymphoid organs(75).  

Following internalisation of foreign antigens in peripheral tissues, DCs mature and 

simultaneously migrate to lymphoid organs. This maturation process results in the 

upregulation of presentation (MHCII), costimulatory (CD80/86, CD40), and maturation 
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molecules (CD83) on DCs, and their increased production of immunostimulatory 

cytokines (IL-6/10/12, and TNF)(76).  

Resultant mature DC-lymphocyte engagement (predominantly via MHC:peptide-TCR 

interactions), alongside DC-mediated release of pro-inflammatory cytokines, triggers 

the differentiation, activation, and proliferation of effector cytotoxic CD8+ T cells and 

helper CD4+ T cells to mediate the elimination of foreign pathogens(77). Additionally, 

DCs can retain and present intact antigens to mature, naïve B cells (via MHC:peptide-

independent interactions with the B cell receptor)(78), which are then internalised via 

receptor-mediated endocytosis, degraded, and shortened peptides presented via 

MHCII to CD4+ T cells. Following TCR recognition of MHC:peptide complexes, CD4+ T 

cells provide co-stimulatory signals to B cells (namely via CD40L engagement with 

CD40 on B cells), which promote their activation, proliferation, and differentiation into 

plasma cells, and subsequently triggers antibody-dependent removal of pathogens(77). 

Whilst the majority of effector cells will undergo apoptosis following pathogen 

elimination, a proportion of long-lived effector lymphocytes remain, termed memory 

lymphocytes (T and B cells), which relocate to the peripheral blood and trigger faster 

and stronger immune responses following re-exposure to the same antigen(76). Similarly 

to DCs, which are potent stimulators of both naïve and memory lymphocytes, Ms have 

also been shown to play a crucial role in activating both naïve and memory T (CD8+) 

and B lymphocyte responses(79).  

The role of CD4+ and CD8+ T cells in anti-tumour immunity  

Free or pathogen/tumour-bound exogenous antigens are endocytosed or 

phagocytosed, respectively by APCs and are processed into shortened peptides for 

MHCI/MHCII presentation to T lymphocytes(75, 80). Presentation of TAAs derived from 

tumour cells can occur via two main mechanisms. Firstly, APCs can recognise and 

phagocytose tumour cells, resulting in the proteolysis and processing of surface-bound 

TAAs into peptides presentable by MHC molecules(75). On the other hand, APCs can 

directly endocytose TAAs shed from tumour cells and process these TAAs into 

peptides presentable by MHC molecules(80).  

Naïve CD8+ T cells recognise MHCI-bound tumour-associated peptide antigens 

(typically 8-10 amino acids long) presented via MHCI by APCs following cross-

presentation of TAAs derived from cancer cells, to the TCR(81). MHC:peptide-TCR 

engagement results in lymphocyte maturation and effector CD8+ (cytotoxic) T cell-

mediated cancer cell killing at the tumour site(10). Anti-tumour T cell responses are 

mediated by pro-inflammatory cytokine/chemokine secretion (IFN; tumour necrosis 

factor alpha, TNF; chemokine (C-C motif) ligand 4, CCL4) or cytotoxic granule 
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secretion (perforin; granzyme) by these lymphocytes, and/or direct apoptosis mediated 

by Fas/FasL interactions(10).  

TAAs can also be presented by APCs via MHCII to naïve CD4+ lymphocytes to 

promote their maturation into CD4+ helper T cells however, these peptides are usually 

longer in length (13-18 amino acids)(81). Helper T cells produce Th1 (type 1 helper) and 

Th2 (type 2 helper) cytokines involved in the promotion of both anti-tumour and 

regulatory immune responses and recruitment of pro-inflammatory leukocytes to the 

tumour site. Additionally, mature CD4+ T cells play a pivotal role in APC-mediated 

priming of naïve CD8+ T cells into tumour-specific CD8+ cytotoxic T lymphocytes 

through CD40 ligand (CD40L) interaction with CD40 on Ms, B cells, and DCs(81).  

1.1.4 The role of myeloid cells in cancer 

Tumour-associated myeloid cells arise from the differentiation of bone marrow-resident 

haematopoietic stem cells into common myeloid progenitors and subsequently, 

granulocyte-macrophage progenitors(82). Granulocyte-macrophage progenitors give rise 

to a large array of myeloid cell subsets including: MDSCs (of granulocytic and 

monocytic origin), monocytes (including tunica internal endothelial kinase 2 (Tie2)-

expressing monocytes; TEMs), and neutrophils; DCs separately stem from common 

myeloid progenitors(82). Recruitment of these circulating myeloid cells to the tumour site 

is achieved following the secretion of soluble factors by various TME components, 

resulting in the generation of tumour-associated myeloid cells (82).  

Despite TAMs having been more extensively researched, additional tumour-promoting 

and immunosuppressive myeloid cells exist within the lung TME, as described below(76, 

82). 

TAMs 

Cancers comprise not only malignant cells, but also supporting tumour-associated 

haematopoietic and stromal cells. Ms are the most abundant cancer-infiltrating 

immune cell within the TME, constituting as much as 50% of the total haematopoietic 

compartment of immune active, or ‘hot’, tumours(76). These infiltrates are absent, or 

present in low numbers, in ‘cold’ tumours. The chemoattraction of myeloid cells to the 

tumour site is mediated by a number of different factors(76). Importantly, CCL2 was the 

first major tumour-derived chemotactic factor identified for its involvement in monocyte 

recruitment in a host of solid cancers including: melanomas, sarcomas, and gliomas as 

well as in cervical, ovarian, and breast cancer(82). Later identified monocyte 

chemoattractant factors, produced by the TME, include:  

• Growth factors (CSF-1; TGF1; fibroblast growth factor; VEGF).  
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• C-X-C and C-C chemokines (CXCL12 and CCL3/4/5).  

• Antimicrobial peptides (-defensin), majorly involved in TAM recruitment to the 

site of gastric tumours.  

• Serine proteases, namely urokinase plasminogen activator, associated primarily 

with TAM infiltration into prostate-derived tumours.  

Whilst the majority of healthy human tissue Ms primarily originate during embryonic 

development and not from circulating monocytes, it is thought that the majority of TAMs 

arise following the differentiation of circulating monocytes into Ms, following 

recruitment into the tumour tissue(83-85). However, studies exploring TAMs within murine 

brain and pancreatic tumour models demonstrated that a proportion of TAMs present in 

the TME to be of embryonic origin; often these TAMs are found surrounding the 

tumour, and proliferate alongside tumour growth(84, 86, 87). In a cancer setting, monocyte-

derived Ms (MDMs) and those of embryonic origin are referred to as to as tissue-

infiltrating and tissue-resident TAMs, respectively. It has been proposed that tissue-

infiltrating and tissue-resident TAMs harbour opposing functions, promoting antigen 

presentation (pro-inflammatory) and ECM remodelling (anti-inflammatory) in vivo, 

respectively(86). These conclusions were based on a fundamental glioma study by 

Bowman et al.(86), which reported murine tissue-resident TAMs to retain a variety of 

their tissue-specific traits and as such, possess different transcriptional profiles and 

functional M activations states to MDMs. However, major differences in tissue-

infiltrating TAMs between human and mouse species has been a topic of large debate. 

Specifically, high levels of monocyte-derived TAM infiltration in human glioma samples 

were found to correlate with tumour grade and poorer survival outcomes(88). 

Additionally, these TAMs exhibited increased anti-inflammatory cytokine expression 

compared to tissue-resident TAMs(88). These findings indicate that that tissue-infiltrating 

monocyte-derived TAMs in human tumours, but not murine tumours, are more 

immunosuppressive, and are related to poorer patient outcomes, than tissue-resident 

TAMs(86, 88). Together, these studies demonstrate the importance of executing TAM 

studies in human models to enable accurate and clinically-relevant conclusions to be 

reached.  

However, TAMs display high phenotypic plasticity depending on exposure to various 

environment stimuli, such as interleukins(46, 89). In the TME, dynamic cellular crosstalk 

results in the release of specific cytokines from cancer cells and tumour-associated 

stromal cells. Multiple murine studies have demonstrated the presence of a 

heterogeneous infiltrating monocyte-derived compartment of the TME, encompassing 

at least two molecularly and functionally diverse TAM subsets: the classically-activated 
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(M1) or alternatively-activated (M2) subset(76, 90, 91). Exposure of monocytes to GM-CSF 

or M-CSF promotes monocyte-to-macrophage differentiation(92-94) (Fig. 1.2). Resultant 

uncommitted (‘M0’) Ms can be polarised into an M1- or M2-like state, which exhibit 

expression of specific phenotyping markers, following activation with Th1 or Th2 

cytokines, respectively (Fig. 1.2). Whilst GM-CSF treatment pre-disposes M1 skewing, 

IFN and TNF, or toll-like receptor (TLR) ligands, namely lipopolysaccharide (LPS)(95), 

are strong stimulators of M1-like M polarisation. In contrast, as well as initial M-CSF 

stimulation, IL-4, IL-10, IL-13, IL-1, TGF, vitamin D3, and glucocorticoids promote 

M0- to M2-like M polarisation(94, 95) (Fig. 1.2). Whilst M1-like Ms have been observed 

to produce pro-inflammatory cytokines (e.g. IL-23; IL-6; TNF IL-2; IL-1; IL-12; 

reactive oxygen species including nitric oxide) which promote pro-inflammatory CD8+ T 

cell responses(94), M2-like Ms produce anti-inflammatory cytokines (namely IL-10 and 

TGF) which suppress cytotoxic T cell activity, as discussed previously.  
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Figure 1.2. The phenotype and function of different M subsets 

Human monocytes can be differentiated into M0/non-committed macrophages (Ms) by 

GM-CSF or M-CSF. M0/non-committed Ms are then polarised into classically-activated 

(M1) or alternatively-activated (M2) Ms. Classical polarisation of M0 Ms into the pro-

inflammatory M1 phenotype requires LPS or IFN, resulting in tumour suppressive features. 

Classical anti-inflammatory M2a Ms are induced following exposure to IL-4 and IL-13 (Th2 

cytokines). The M2b phenotype is induced by IL-1 and LPS while M2c Ms are generated 

by IL-10, TGF, and glucocorticoid steroids. M2d alternatively activated Ms also exist, and 

are generated by the polarisation of M1 Ms, mediated by the adenosine 2A receptor. M2d 

Ms are rare and have angiogenic properties. Alternatively-activated M2 Ms are anti-

inflammatory and therefore contribute to inflammation dampening and tumour promotion. 

Upon polarisation, multiple changes in cytokine production and surface marker expression 

occur depending on the type of TAM generated. Whilst all TAMs express CD68 and CD14, 

additional markers indicative of each M type are shown. (GCs, Glucocorticoids; GM-CSF, 

Granulocyte-macrophage colony-stimulating factor; LPS, Lipopolysaccharide; M-CSF, 

Macrophage colony-stimulating factor; TFG, Transforming growth factor beta). Original 

figure adapted from multiple sources(93, 96-98). Figure created using Servier Medical Art 

templates (licensed under a Creative Commons Attribution 3.0 Unported License); 

https://smart.servier.com.  

 

 

https://smart.servier.com/
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Adding complexity to the M phenotype, the M2 phenotype can be further subdivided 

into M2a, M2b, and M2c subsets, based on sensitivity to particular chemical stimuli and 

resultant M function(94) (Fig. 1.2). In brief, M2a and M2b Ms are induced by IL-4/IL-13 

and LPS/IL-1, respectively and produce cytokines involved in immunoregulation. In 

contrast, the M2c subset is stimulated by IL-10 and TGF and produce anti-

inflammatory, Th2 cytokines more readily associated with immunosuppression and 

tissue remodelling(93, 94, 99) (Fig. 1.2).  

Both M1- and M2-like Ms exist within the TME however, M2-like TAMs are more 

abundant and are commonly associated with poorer patient outcomes and disease 

progression, particularly when residing in the tumour stroma(71, 89, 95, 100, 101). Studies 

have reported an association between the M1-like TAM subtype and an increased pro-

inflammatory TME, capable of sensitising NSCLC cells to conventional therapeutics 

and underpinning improved disease survival(100, 102, 103). However, M1-like Ms, and 

subsequent pro-inflammatory mediators (reactive oxygen species; TNF), have also 

been shown to support early neoplastic cell development by activating nuclear factor 

kappa-light-chain-enhancer of activated B cells (NFB) signalling, resulting in the 

proliferation and survival of tumour cells(82, 104). M2-like TAMs are often 

immunosuppressive and promote angiogenesis(100, 105). This immunosuppressive M 

subset has been shown to be a critical mediator of immune escape, promoting cancer 

growth and progression in later stages of tumour development where transformed cells 

are already established(82). Specifically, Ms deficient in Notch signalling and NFB-

mediated IL-12 production exhibited an M2-like phenotypic bias where tumour growth 

and progression was observed due to M-dependent inhibition of T cell activation(106-

108).  

Finally, TAMs additionally contribute to tumour metastases and relapse by enhancing 

stemness through increasing tumour expression of molecules involved in cancer stem 

cell maintenance: CD133, SRY (sex determining region Y)-box 2 (Sox2), and NFB(109), 

and through the secretion of tumour migratory proteins e.g. TGF1(110). Therefore, 

better understanding the role of pro- and anti-inflammatory TAMs at different stages of 

tumour development and progression is of paramount importance.  

However, due to the high plasticity of the M phenotype, the segregation of TAMs into 

‘M1/M2’ may be an oversimplification of the dynamic M phenotypes and activation 

states that exist in vivo(111). Often these subsets are an artefact of extreme polarising 

conditions generated in vitro. Moreover, single-cell mapping of human tumours within 

the last decade even questions the existence of these distinct M1/M2 TAM subtypes, in 

situ(112). Consequently, current perspectives surround the use of M activation or 
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metabolic states in terms of a continuous and adaptable spectrum, rather than 

categorical TAM nomenclature. Importantly, this thesis aimed to investigate whether 

NSCLC explant-conditioned Ms were functionally immunosuppressive, ex vivo, as well 

as displaying an M2-like (‘anti-inflammatory’) phenotype.  

MDSCs 

MDSCs are a lineage of immature myeloid cells whose recruitment, expansion, and 

turnover are regulated by an array of factors within the TME including: the C5a 

complement component, CCR2, and pro-inflammatory S-100 proteins(82). In fact, 

reports of the establishment of an autocrine loop, whereby MDSCs produce S-100 

proteins following recruitment, emphasise the imperative role of these pro-inflammatory 

proteins in MDSC-mediated tumour-supporting effects(113). Of notable importance, 

during tumour progression, MDSCs primarily accumulate in the blood circulation and 

lymphoid organs however, they have been reported to be recruited to the tumour 

site(82), as described above.  

In humans, MDSCs consist of three main subgroups: granulocytic (gMDSCs, also 

known as polymorphonuclear; CD14-CD11bhiCD15hi or CD14-CD11bhiCD66+), 

monocytic (mMDSCs; CD14+CD11bhiHLA-DRloCD15lo), and ‘early-stage’ (eMDSCs; 

HLA-DRlo/-CD33+Lin-; with Lin constituting CD3/14/15/19/56+), based on the expression 

of various markers(114). Other markers of human MDSCs are IL-4 receptor alpha (IL-

4R), CD80, and colony stimulating factor-1 receptor (CSF-1R)). gMDSCs appear 

morphologically and phenotypically similar to neutrophils and comprise >80% of all 

MDSCs in most cancers; mMDSCs are morphologically and phenotypically similar to 

monocytes(82). eMDSCs exist as a mixture of early myeloid progenitors and precursors 

and represent <3% of MDSCs found in tumours(114). However, MDSCs with differing 

phenotypes have been reported in various cancer types including: liver (CD14±HLA-

DRlo/-), lung (CD14-CD33+CD11bhi/loCD15hi/lo), prostate cancer (CD14-HLA-DRlo/-), renal 

(CD14-CD11bhi/loCD15hi/lo), and skin (CD14±CD11bhi/loHLA-DRlo/-)(82), and therefore the 

use of phenotyping markers to distinguish MDSCs have been the centre of 

controversial debate in recent years. Due to the lack of a single MDSC-specific marker, 

and phenotypic similarity to various myeloid cell precursors, the measurement of 

immunosuppressive function alongside phenotypic assessment is of major importance 

for characterising MDSCs(82). 

Similarly to Tregs, MDSCs act as key regulators of self-tolerance within normal tissues, 

to temper immune responses and prevent inflammation-mediated tissue damage. In 

cancer, tumour cells harness this natural tolerogenic role of MDSCs to promote 

immunosuppression and evade immune destruction(76). MDSCs can mediate 
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immunosuppression via a variety of mechanisms including the production of TGF or 

reactive oxygen species, depletion of cysteine or arginine (mediated by inducible nitric 

oxide synthase (iNOS) and arginase-1), TGF-independent activation of Tregs, and 

post-translational modifications of the TCR (following oxidative stress); disrupting the 

binding of MHC:peptide complexes to CD8+ T cells(82, 115) . Of importance, the 

production of TGF from MDSCs specifically induces attenuated NK cell responses(116). 

Finally, MDSCs largely participate in shaping the immunosuppressive activities of 

TAMs in the TME. Specifically, in a murine model of breast cancer, MDSCs mediated 

tumour progression via direct and indirect (through IL-10-mediated M2-like TAM 

skewing) suppression of effector T cell activation(117). Moreover, MDSCs promote ECM 

remodelling and subsequent angiogenic capacity through production of MMP9 which 

releases VEGF sequestered in the ECM(118). Therefore, MDSCs strongly influence the 

immune cell repertoire within the TME; a dynamic interplay between MDSCs and TAMs 

skews M phenotype and function. 

Tumour-associated neutrophils 

Within the last decade, tumour-associated neutrophils (TANs) have received increasing 

interest in the field of oncology, since it was shown that the inflammatory and hypoxic 

conditions of the TME could prolong the survival of neutrophils, which in the healthy 

individual, act as short-lived professional phagocytes(82, 119). Specifically, TANs have 

been shown to compose 5-25% of cells present in breast, colon, lung, and renal 

tumours(82, 120). Chemotactic factors (e.g. IL-8, CXCL8, and TGF) are secreted by 

various tumour-conditioned cells within the TME and recruit circulating neutrophils to 

neoplastic lesions, resulting in their transformation into TANs(82, 121).  

Through the production of pro-tumour cytokines, reactive oxygen species, and 

proteinases (cathepsin G; MMP8/9; neutrophil elastase; proteinase-3), TANs are 

capable of promoting angiogenesis, tumour growth, and tumour invasion through ECM 

digestion(121). Huh et al.(122) showed that metastases of primary melanoma tumours to 

the lung were largely increased when TANs were abundantly situated within alveolar 

capillaries. Remarkably, TAN adhesion to capillary endothelial cells via 2 integrin was 

promoted by the secretion of IL-8 by tumour cells. Subsequently, the upregulation of 

ICAM-1 on tumour cells allowed for ICAM-1/2 integrin interaction and the TAN-

mediated migration of tumour cells along the alveolar capillaries, resulting in tumour 

extravasation into the lung(122). In general, clinical evidence supports a negative 

correlation between TAN infiltration within lung, renal, and breast tumours and patient 

outcomes, indicating TANs as a potential prognostic marker(82, 121). 
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Interestingly, a study by Fridlender and colleagues(123) demonstrated that the anti-

inflammatory molecule, TGF drives the development of pro-tumour TANs which inhibit 

CD8+ T cell responses; in the absence of TGF neutrophils promoted CD8+ T cell 

responses through pro-inflammatory factor production (TNF; nitric oxide; CCL3; 

hydrogen peroxide)(123). Moreover, the pro-inflammatory cytokine, IFN has been 

shown to play a fundamental role in promoting TAN-mediated anti-tumour functions. 

Tumour-infiltrating TANs, harvested from IFN-deficient mice, exhibited increased 

expression of pro-angiogenic factors (CXCR4; MMP9; VEGF), however such genomic 

changes were reversible following the ex vivo treatment of TANs with IFN(124). As 

such, these findings gave rise to the concept of TAN functional plasticity, and the 

paradigm of ‘N1 neutrophils’, which possess anti-tumour functions, and ‘N2 

neutrophils’, which exhibit pro-tumour functions(123). It was later hypothesised that 

rather than two alternatively activated cell subtypes, as observed with M1- and M2-like 

Ms, these N1- and N2-like TANs represent various functional activation states, 

demonstrating fully and weakly activated TANs, respectively(125). Whilst T cell and M 

subsets undergo transcriptional changes unique to each subset, neutrophils simply 

alter their levels of cellular activation and immunogenic factors released, in response to 

chemical stimuli, rather than commit to genomic changes(125).  

Tie2-expressing monocytes 

TEMs are a subset of myeloid cells which over-express the angiopoietin-2 (Ang-2) 

receptor, Tie2, and are recruited from the circulation, to the tumour site, by hypoxia-

inducible factors including CXCL12, CXCR4, and its ligand, Ang-2, produced by 

tumour-associated vasculature(82). Mainly located as foci in hypoxic tumour regions 

adjacent to nascent vessels, TEMs promote angiogenesis through the elevated 

expression of pro-angiogenic genes (cyclooxygenase (COX) 2; MMP9; VEGF-A; 

wingless-related MMTV integration site 5A, WNT5A) and the secretion of anti-

inflammatory cytokines, namely IL-10(126). Of importance to note, the presence of TEMs 

in hypoxic tumour lesions forms a self-perpetuating cycle where Tie2 protein 

expression on monocytes is increased in the presence of hypoxia-inducible factors, 

resulting in the further formation of functionally-active, pro-angiogenic TEMs(127). The 

role of TEMs in promoting angiogenesis was reinforced by early TEM studies involving 

orthotopic murine brain tumours, which showed that intra-tumoral injection of TEMs 

increased cancer neovascularisation(128). Additionally, Ang-2-over-expressing mice 

demonstrated increased levels of TEMs and surrounding angiogenic innervations(126).   

Whilst transcriptomically similar to TAMs, TEMs have been reported to exhibit a more 

dominant M2-skewed phenotype, possess a higher expression of M2-related genes 
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(Arginase-1; CD163; macrophage scavenger receptor 2, Msr2), and produce lower 

levels of pro-inflammatory proteins (CCL5; COX2; CXCL10/11; IL-12; TNF; iNOS)(129). 

As such, TEMs have been characterised as a distinct tumour-associated myeloid 

subset, which exert TAM-independent pro-angiogenic functions.  

In humans, TEMs exhibit a Tie2+CD45+CD14+CD16+CD11c+ phenotype(130) and so 

would have been included in any analysis of leukocytes (CD45+ cells), monocytes 

(CD16+ cells), or myeloid cells (CD14+ cells) performed in this study. However, since 

TEMs represent a minor leukocyte population present within the blood (<11.0%) and 

tumours (<12.0%) of cancer patients, specific analysis of these cells was not performed 

in this thesis(130).   

Tumour-associated dendritic cells 

Tumour cells can successfully subvert pro-inflammatory (innate and adaptive) immune 

responses through secretion of sterol metabolites which downregulate the expression 

of CCR7 on mature DCs, inhibiting their effective migration to the lymph nodes(131). 

Furthermore, the loss of tumoral expression of CXCL14, often involved in the 

chemoattraction of pro-inflammatory DCs in normal tissues, has been associated with 

deficient anti-tumour immune responses, resulting in tumour growth and 

progression(132). Alongside promoting angiogenesis, the production of VEGF, TGF, 

and IL-10 from various components of the TME inhibits both DC-dependent and -

independent stimulation and subsequent activation of pro-inflammatory T and NK cell 

functions, skewing effector T cell responses towards a Th2-type response which are 

incapable of restraining malignant growth(37, 133, 134).  

In addition to subverting pro-inflammatory DC functions, the TME can actively recruit 

monocyte-derived DCs to the tumour site through the production and accumulation of 

chemoattractants, namely CCL2 and CCL5, and are transformed into tumour-

associated dendritic cells (TADCs) with immunosuppressive functions(135). TADCs 

generally exhibit an immature phenotype, underpinned by high rates of antigen uptake 

and processing, but inadequate antigen presentation with low expression of co-

stimulatory immune molecules, referred to as regulatory TADCs(76, 135). The production 

of DAMPs and anti-inflammatory cytokines from cancer cells, as well as tumour-

mediated hypoxia and endoplasmic reticulum stress, induces the development of 

immunosuppressive TADC functions(76, 135). These regulatory TADCs subsequently 

directly block the proliferation of CD4+ and CD8+ T cells, stimulate angiogenic pathways 

through the production of IL-8 and TNF, and promote VEGF-mediated transition into 

endothelial-like precursors(76, 135, 136). TADCs additionally support the development and 

activation of Tregs via the upregulation of immunoregulatory factor (TGF1; IL-10; 
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arginase) production or the expression of co-inhibitory molecules (B7-H1 and B7-H4) 

on its cell surface(76, 135). Interestingly, recent findings from our group demonstrated that 

prostate cancer-associated stromal cells were capable of skewing DC differentiation 

towards an immunosuppressive phenotype through upregulation of B7-H1 (i.e. PDL-

1)(52). 

However, like TAMs, the presence of immunostimulatory, mature TADCs which 

possess T cell-stimulatory and anti-tumour capacities have been identified in several 

tumour types, and have been shown to correlate with a positive disease prognosis(76, 

137). Recently, a subset of inflammatory monocyte-derived DCs 

(CD11c+ MHCII+ CD64+), which are closely related to, if not themselves a specific 

subset of, TAMs have been identified in the TME and therefore, it is now believed that 

the phenotype and function, rather than the abundance, of TADCs present within the 

TME dominantly underpins patient prognosis(137). Specifically, immunostimulatory 

TADCs have been observed to drive anti-tumour immunity in early-stage neoplastic 

disease whilst regulatory TADCs switch to an immunosuppressive function in late-

stage tumours, promoting tumour growth and progression(137).  

1.2 Cancer immunotherapy 

1.2.1 Background 

Cancer immunotherapy is the term used to describe the treatment of malignant disease 

with agents which stimulate anti-tumour immune responses, either through the 

activation of pro-inflammatory effector immune cells, or the inhibition and/or elimination 

of anti-inflammatory immune cells. The first anti-cancer immunotherapeutic intervention 

was used in 1893 by William Coley who treated cancer patients with heat-inactivated 

toxins of Streptococcus pyogenes and Serratia marcescens, which successfully 

exerted potent immunostimulatory responses and promoted favourable clinical 

outcomes for patients with a variety of cancers(138). Since then, major advances in 

therapeutic technology, as well as the discovery of DCs (1973), chimeric antigen 

receptors (CARs; 1989), TAA cloning (1991), and the first immune-checkpoint 

molecule, CTLA-4 (1995), has brought about the advent of new and improved 

therapeutic agents and protocols(139). Most current immunotherapeutic strategies 

exploit the antigen-directed cytotoxicity of T cells by either reactivating endogenous 

anti-tumour lymphocytes or transferring ex vivo ‘educated’ tumour-specific T cells(76). 

Six main types of immunotherapy exist (shown in Fig. 1.3 and further detailed below), 

and consist of either passive or active intervention, based on their mechanism of action 

(MoA) and the activation state of the individual receiving treatment. In cancer patients 

who possess a weak, low/non-responsive immune component of their TME, passive 
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immunotherapies, which compensate for functional immunodeficiencies through the 

integration of ex vivo-activated immunostimulatory cells or molecules, are often 

preferred(139). In patients whose tumours show dominant, but immunotolerant or 

dormant, immune infiltrations, active immunotherapeutic regimes are used to reactivate 

existing effector immune cells to drive anti-tumour responses.  

 

Figure 1.3. Types of immunotherapy 

Six main types of immunotherapy exist and can be classified as either passive or active 

intervention based on their mechanism of action and the activation state of the individual 

receiving treatment. In cancer patients who possess a weak, low/non-responsive immune 

system, passive immunotherapies (e.g. cytokines, adoptive cell transfer (ACT), and tumour-

specific monoclonal antibodies (mAbs)) are often used. ACT can be further divided into 

engineered T cell receptors (TCRs), ex vivo expanded autologous cells (TILS; CIKCs; CPCs), 

or chimeric antigen receptor (CAR) T cells. In patients whose tumours show dominant, but 

immunotolerant or dormant, immune infiltrations, active immunotherapies (e.g. immune-

checkpoint inhibitors (ICIs), anti-cancer vaccines, and oncolytic viruses) are used to 

reactivate existing effector immune cells to drive anti-tumour responses. Peptide, dendritic 

cell (DC), and allogeneic whole cell anti-cancer vaccines have been studied to date. (CIKCs, 

cytokine-induced killer cells; CPCs, cascade-primed cells; TILs, tumour-infiltrating 

lymphocytes). Original figure adapted from Papaioannou et al.(139). Figure created using 

Servier Medical Art templates (licensed under a Creative Commons Attribution 3.0 Unported 

License); https://smart.servier.com.  

Often these approaches are used in combination e.g. immune-checkpoint inhibitors 

(ICIs) and adoptive cell transfer (ACT) to strengthen immunotherapeutic efficacy as a 

result of synergistic effects(139) (specific examples are denoted below). Conventional, 

non-immunotherapeutic treatments can additionally enhance immunotherapeutic 

response. Specifically, chemotherapy has been shown to successfully prime anti-

tumour immune responses through depletion of immunosuppressive Tregs, prior to 

immunotherapeutic intervention(140). Moreover, conventional radiotherapy regimes have 

https://smart.servier.com/
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been shown to directly promote inflammation and release TAAs and DAMPs from 

cancer cells, promoting cytotoxic anti-tumour immune responses(52, 141, 142). 

Whilst immunotherapeutic agents have been extensively studied in recent years, in 

pre-clinical and clinical studies, patient responses and survival outcomes are often 

highly variable due to a number of factors. Firstly, responsiveness is majorly 

underpinned by the immunological state of the TME. Patients whose tumours exhibit 

high levels of immunogenic infiltrates (effector CD4+/CD8+ T cells; NK cells) and 

minimal immunosuppressive infiltrates (TAMs; MDSCs; Tregs), commonly referred to 

‘hot’ tumours, have been demonstrated to better respond to immunotherapeutic 

intervention(143). Secondly, tumours which possess a high mutation burden often 

respond better to immunotherapeutic challenge due to the dominant production of 

neoantigens from genetically-altered tumour cells, promoting localised inflammation 

and potent anti-tumour responses from effector T cells, including the reactivation of 

exhausted lymphocytes(144). Finally, immunotherapies have mostly been approved for 

the second-line treatment of advanced disease, following failure of initial therapeutic 

intervention. However, the treatment options and survival outcomes for these patients 

are already limited due to late-stage disease exhibiting a more aggressive and 

immunosuppressive/exhaustive nature(139). Considering these factors prior to 

immunotherapeutic intervention is of major importance for ensuring optimal treatment 

and survival outcomes for all patients.  

1.2.2 Cytokines 

The use of pro-inflammatory cytokines (IFN; IL-2; IL-12), which promote 

immunostimulatory Th1-type immune cell responses, was one of the first cancer 

immunotherapeutic strategies explored in the clinic, namely for the treatment of skin 

and renal cancers as well as various lymphomas(139). Moreover, IFN was shown to 

significantly reduce the frequency of intra-tumoral and peripheral blood Tregs in renal 

cell carcinoma patients following a 4-week treatment regime(145). The addition of IL-2 to 

such regimes achieved a further survival benefit for renal cancer patients exhibiting 

lung metastases(146). Currently, the use of cytokines in combination with additional 

immunotherapies (monoclonal antibodies (mAbs) and peptide vaccine, discussed later) 

or conventional therapies has shown the greatest promise. Compared to IL-2 

administered as a high-dose monotherapy, its use in combination with the gp100 

peptide vaccine improved clinical response, as well as survival outcomes, for advanced 

melanoma patients(147). Of importance to note, is the failure of such immunotherapeutic 

agents in clinical trials due adverse events relating to the system toxicities associated 
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with over-activating the immune system and as such, dose optimisation of such agents 

are an ongoing topic of debate(139).  

1.2.3 Tumour-specific monoclonal antibodies 

A plethora of chimeric and humanised tumour-specific mAbs (often of the highly stable 

immunoglobulin (Ig)G class) are used as cancer immunotherapeutics due to their ability 

to induce tumour-specific programmed cell death via(139):  

1) Antibody-dependent cellular cytotoxicity and/or phagocytosis 

(ADCC/ADCP), through antibody constant fragment (Fc) interaction with Fc 

receptors on NK cells (FcRIIIa-mediated perforin/granzyme release and 

Fas/FasL-dependent apoptosis) and Ms (FcRIIa-mediated phagocytosis), 

respectively. 

2) Complement-dependent cytotoxicity (CDC). 

Rituximab, predominantly used to treat chronic lymphocytic leukaemia, specifically 

targets CD20 on neoplastic B cells, inducing tumour-specific ADCC and ADCP, as 

described above(139). Of importance to note is the capability of APCs to cross-present 

TAAs, derived from engulfed apoptotic cells (following ADCC or CDC) or the ADCP 

pathway, to effector lymphocytes(148). This facilitates the development of tumour-

reactive CD4+ and CD8+ T cells and anti-tumour B cell priming(148). Interestingly, the 

humanised mAb, Alemtuzumab has been suggested to mediate both ADCC and CDC 

of CD52-expressing mature lymphocytes and as such, has been shown effective at 

reducing malignant burden in B-cell chronic lymphocytic leukaemia patients(149). 

Bispecific mAbs, which are capable of simultaneously binding two different types of 

antigen, have appeared a promising anti-tumour therapy in recent years(139). MT110 is 

a bispecific T-cell engager (BiTE®) which combines anti-epithelial cell adhesion 

molecule (also known as EpCAM) targeting, a molecule abundantly expressed by 

cancer cells, with CD3 activation and subsequent T cell-mediated tumour elimination 

(in the absence of MHC-TCR interactions)(139).  

Additionally, many mAbs currently used in cancer treatment target growth factor-

associated receptors involved in downstream proliferation signalling pathways; 

Panitumumab and Cetuximab are potent blockers of the epidermal growth factor 

receptor (EGFR) and have been shown to prevent EGF-EGFR engagement, EGFR 

dimerization, and downstream Ras/MAPK and PI3K/AKT signalling in metastatic 

colorectal cancer(139). However, whilst these receptors are commonly over-expressed 

on malignant cells, blocking signalling pathways involved in cell proliferation often 

results in unfavourable side effects due to its additional targeting of highly-proliferating 

healthy cells. The development of antibody-directed pro-drug therapy has allowed for 
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the direct delivery of cytotoxic agents to the tumour site, minimising adverse events. 

For example, the administration of a fusion antibody containing a TAG-72-specific Fc 

region tethered to -lactamase specifically recognises the TAG-72 carbohydrate 

epitope often over-expressed on the surface of tumour cells(139). Once tumour-specific 

binding is established, the non-toxic pro-drug, C-Mel, is administrated where it arrives 

at the tumour site and is converted into the potent cytotoxic agent, melphalan, by -

lactamase(150). 

1.2.4 Adoptive cell transfer (ACT) 

ACT protocols are broadly categorised into unmodified and genetically-modified cell 

components, consisting of a variety ex vivo expanded autologous cells and engineered 

TCRs/CAR T cells, respectively, and will be discussed briefly in the following sections.  

Ex vivo expanded autologous cells 

TILs 

TILs, also known as intra-tumoral T cells, are specifically isolated by anti-CD3 selection 

from the tumour mass following dissociation of tissue specimens into a single cell 

suspension(139). TILs are activated and expanded in a non-antigen specific manner 

using high-dose IL-2, resulting in the generation of a polyclonal infusion product. The 

concept of TIL therapy works on the assumption that the resultant T cells possess a 

tumour-specific ‘memory’, based on the location from which they are isolated; anti-

tumour T cell functions will be reactivated following IL-2 stimulation(139). The most 

promising results from this therapeutic intervention have been observed in melanoma 

patients, where tumours exhibit high immune cell infiltration, minimal immunotolerance 

mechanisms, and high neoantigen burden(139, 151). 

CIKCs and CPCs 

In contrast, cytokine-induced killer cells (CIKCs) and cascade-primed cells (CPCs) are 

generated from the stimulation of PBMC populations ex vivo. CIKCs are a 

heterogeneous population of CD3+CD56+-expressing cells formed following stimulation 

of anti-CD3 isolated PBMCs with IFN and IL-1, and activated with IL-2 and IL-15 

treatment(139, 152). Once infused back into the patient, the pro-immunogenic CIKCs exert 

their cytotoxicity in an HLA- and TAA-independent manner, through engagement of 

their NKG2D receptor with corresponding inter-tumoral ligands(139, 153, 154). Due to their 

non-antigen specific MoA, CIKCs are clinically applicable for the treatment of a plethora 

of solid and haematological cancers.  

CPC therapy starts by isolating APCs (monocytes/Ms; DCs) and CD4+/CD8+ T cells 

from whole patient PBMCs(139, 153, 154). APCs are mixed with autologous cancer cells ex 
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vivo(155), isolated from patient tumours, to trigger the uptake of TAAs by APCs (via 

phagocytosis or endocytosis, as detailed previously). Next, autologous T cells are 

stimulated with IL-2 and hybridoma-derived OKT3 (anti-CD3 antibody), triggering these 

lymphocytes to produce cytokines which stimulate APCs to present more cancer 

immunogenic peptides. Activated APCs are then co-cultured with naïve T cells to prime 

their differentiation and expansion into cytotoxic effector cells (via MHC:peptide-TCR 

engagement) which mediate specific anti-tumour immune responses following infusion 

into patients with NSCLC or metastatic breast cancer(139, 153, 154). Interestingly, studies 

have shown that stimulated APCs isolated from cancer patients may possess sufficient 

tumour-specific immunogenic information to activate and prime naïve T cells ex vivo, 

without the requirement for the initial tumour-APC incubation step(156). This is extremely 

important in cancer cases where tumour tissue is not readily available or accessible.  

Engineered TCRs 

The genetic modification of T cells to express TCRs which possess high affinities for 

tumour-specific antigens is an additional immunotherapeutic intervention for cancer. 

Engineered TCRs are formed through the retroviral transduction of autologous patient 

T cells with various TCR sequences, which recognise known cancer type-specific 

peptide sequences presented by MHCI (e.g. MDM281-11/HLA-A2; Wilms’ tumour antigen 

1126-134/HLA-A2; p53264-272/HLA-A2)(139). Whilst the infusion product is commonly clonal, 

polyclonal TCR products which recognise multiple different antigen targets have gained 

interest in recent years due to their ability to reduce tumour-mediated immune escape 

mechanisms underpinned by TAA loss(139, 157). The infusion of engineered TCRs 

appeared incredibly promising in initial clinical trials where the endogenous T cell 

repertoire of melanoma patients appeared tolerant to existing TAAs(139). It is also of 

importance to note that TAA-specific T cells expressing endogenous TCRs have 

previously been activated and expanded ex vivo using cytokine and peptide 

stimulation, prior to the successful infusion into cancer patients(139, 157). However, issues 

surrounding the generation of autoimmune responses by T cells, with unmodified 

TCRs, to healthy MelanA/MART-1-expressing melanocytes emphasised the dangers 

associated with endogenous TCR therapy, and the importance of correct antigen 

selection when taking this therapeutic approach(158).  

Chimeric antigen receptor (CAR) T cells 

CARs are chimeric, engineered surface receptors that possess single chain variable 

fragments (scFv) of an antibody, which performs tumour antigen recognition, and 

intracellular T cell signalling domains, which activate T cells and mediate 

cytotoxicity(139). Unlike TCR therapy, CAR T cells are only able to recognise 

conformational, cell surface antigens, and not endogenously-processed TAAs 
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presented via MHCI. Unfortunately, initial clinical trials using CARs in haematological 

cancers reported a lack of objective clinical response with this therapy(159). However, 

the addition of co-stimulatory domains (e.g. CD137 and/or CD28) to first generation 

CARs, paved the way for the emergence of T cells with improved survival and anti-

tumour functions following infusion, and demonstrated notable clinical responses(159). 

To date, CAR T cell therapy, targeting CD19 on the surface of B cells, has been 

approved for the treatment of acute lymphocytic leukaemia. Whilst additional CAR T 

cell targets appeared initially promising (CD20, CD33, and CD123 in haematological 

malignancies and HER2, EGFRvIII, and mesothelin in solid cancers), many of these 

therapies target both healthy and malignant cells, causing systemic toxicity(139, 159). To 

overcome this, universal CARs with minimal antigen-specificity, bearing molecules 

such as avidin, have been developed to bind biotinylated TAA-specific mAbs and exert 

restricted anti-tumour immune responses(160). The clinical efficacy of these, and other 

transient CAR-modified T cells (e.g. inducible suicide switches and positive regulation 

signals), are yet to be fully elucidated).  

1.2.5 Therapeutic anti-cancer vaccines  

Anti-tumour immune responses can be further promoted through the use of anti-cancer 

vaccines which introduce tumour-associated peptides to the immune system in situ, 

educating the endogenous APC and effector immune cells into recognising and 

eliminating cancer cells(139). The different therapeutic vaccine classes are discussed 

briefly in the below sections, with the exception of mRNA-based approaches which 

have yet to be widely used in a cancer setting. 

Peptide 

Initial clinical studies exploring synthetic peptide vaccines showed limited success due 

to the limited MHC restrictions, and therefore patients eligible for treatment(139). 

Subsequently, the next generation anti-cancer synthetic peptide vaccines were 

developed to consist of multi-peptide pools of both long and hybrid peptides 

possessing additional cytotoxic (CD8+) and helper (CD4+) T lymphocyte epitopes, to 

further activate anti-tumour immune responses in a wide variety of patients with 

different HLA specificities(139). When used in combination with additional therapeutic 

agents, next generation synthetic peptide anti-cancer vaccines have demonstrated 

successful clinical responses and achieved improved survival outcomes in a variety of 

cancer types including breast, colorectal, gastric, lung, pancreatic, and prostate(139).  

Personalised peptide vaccines, which consist of the focused selection of multiple 

cancer-associated peptides to best complement and re-educate the pre-existing 

immune cell repertoire of the patient(161), have been developed in recent years. Such 
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treatment strategies have been shown to significantly prolong the OS of treatment-

limited metastatic castrate-resistant prostate cancer patients, however survival benefits 

were still only marginal (≤39 month improved survival time)(162).  

DC 

Due to their potent antigen presentation to, and immunogenic stimulation capacity of, 

effector cells of the innate and adaptive immune system, DCs have more recently been 

exploited as ‘vehicles’ of anti-cancer vaccines(139). Typically, DC-based vaccines 

involve the priming and activation of DCs ex vivo, with tumour-associated peptides. 

DCs are commonly generated from the ex vivo culture of CD14-selected PBMCs with 

GM-CSF and IL-4, but can be further tailored to express co-stimulatory molecules 

(CD40; CD80; CD86), which mediate more potent anti-tumour immune responses, 

through stimulation with IFN(163). Ex vivo-generated DC vaccines have proven 

beneficial in the treatment of metastatic prostate cancer; Sipuleucel (Provenge®) was 

the first, and currently only, U.S. Food and Drug Administration (FDA)-approved DC-

based vaccine for use in the clinic, specifically for the treatment of this disease 

group(164). However, the high expense, and limited long-term efficacy of this treatment, 

has restricted its wide-scale use. 

Allogeneic whole cell  

A more novel approach to anti-cancer vaccination is the infusion of patient autologous 

tumour cells which possess all the relevant TAAs for their particular cancer; however, 

low cell numbers, isolated from tumour tissue, are often the limiting factor for 

successful vaccine production(139). Allogenic cancer cell vaccines, derived from in vitro-

cultured immortalised cancer cell lines (dominantly prostate cancer-derived PC3 and 

LNCaP cells, irradiated to suppress tumour cell proliferation in situ), have gained great 

interest in recent years due to their ability to be manipulated to express an abundance 

of different TAAs, and allow for the large-scale expansion of cancer cells to produce 

vaccinations for more than one specific patient(139). Allogeneic cell-derived vaccines 

can also be transfected, in vitro, to produce an array of pro-inflammatory cytokines 

(namely GM-CSF, referred to as GVAX vaccines) and express supportive co-

stimulatory molecules, increasing their overall immunogenicity once later infused(139, 

165).  

GVAX have shown effective anti-tumour activities in a range of cancer types (e.g. lung, 

pancreatic, prostate, renal, and skin). Moreover, phase III clinical trials testing prostate 

cancer cell line-derived GVAX, in combination with ICIs, have demonstrated the most 

promising results for this immunotherapeutic strategy however, survival complications 

associated with off-target toxicities has delayed its clinical approval(139, 165).  
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1.2.6 Immune-checkpoint inhibitors (ICIs) 

Successful T cell activation against TAAs requires the interaction of the TCR with 

MHC:peptide complexes, as well as the engagement of co-stimulatory ligands on APCs 

(CD80 and CD86), with immunogenic receptors on T cells (namely, CD28)(139). 

However, activated effector T cells upregulate immunoinhibitory checkpoint molecules 

(classic B7 family receptors e.g. PD-1 and non-B7 family receptors e.g. CTLA-4) as a 

regulatory mechanism to prevent the over-activation of the immune system following 

e.g. an acute anti-viral response.  

The B7 family ligands and associated receptors 

The B7 family are composed of structurally-related ligands which bind to their 

associated receptors on T and B lymphocytes, and initiate downstream ‘co-stimulatory’ 

or ‘co-inhibitory’ signalling, depending on the B7 members involved in ligand-receptor 

interaction(166) (Table 1.1). Co-stimulatory and co-inhibitory receptors on lymphocytes 

mediate immune activation and suppression, respectively(166).  

Table 1.1. B7 family ligands and associated receptors 

Expression patterns of B7 family ligands in lymphoid and non-lymphoid tissues. Associated 

B7 family receptors, alongside the outcome of ligand-receptor interaction on lymphocytes, are 

shown. DCs, dendritic cells; MDSCs, myeloid-derived suppressor cells; Ms, macrophages; 

NK, natural killer. Modified from Collins and Carreno(166), based on information from multiple 

sources(166-172). 
 

Ligand name 

(alternative 

names) 

Expression 

pattern in 

lymphoid cells 

Expression in 

non-lymphoid 

tissues or cells 

Receptor name 

present on 

lymphocytes 

(alternative 

names) 

Function of 

ligand-

receptor 

interaction 

B7.1 (CD80) 

Induced in T cells, B 

cells, DCs, and 

myeloid cells 

Not detected 

CD28 Co-stimulation 

CTLA-4 (CD152) Co-inhibition 

B7.2 (CD86) 

Constitutively 

expressed and 

upregulated upon 

activation in B cells, 

DCs, myeloid cells; 

induced in T cells  

Not detected 

CD28 Co-stimulation 

CTLA-4 (CD152) Co-inhibition 
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B7-H1 (PDL-1, 

CD274) 

Constitutively 

expressed and 

upregulated upon 

activation in B cells, 

DCs, myeloid cells; 

induced in T cells 

Tumour cells 

(carcinomas and 

melanomas), 

heart, pancreas, 

lung, liver, and 

placenta 

Unknown Co-stimulation 

PD-1 (PDCD1, 

CD279) 
Co-inhibition 

B7-H2 (ICOS-L, 

ICOSLG, CD275) 

Constitutively 

expressed in DCs, 

Ms, B cells, and a 

subset of T cells 

Liver, lung, testes, 

and kidney 
ICOS (CD278) Co-stimulation 

B7-H3 (CD276) 

 

 

Induced in T cells, B 

cells, DCs, and 

myeloid cells 

Heart, pancreas, 

lung, liver, testes, 

kidney, 

osteoblasts, colon, 

and prostate 

Unknown Co-stimulation 

Unknown Co-inhibition 

B7-H4 (VTCN1) 

Induced in T cells, 

DCs, myeloid cells, 

and NK cells 

Heart, lung, testes, 

kidney, brain, 

uterus and 

placenta 

Unknown Co-inhibition 

B7-H5 (VISTA, 

VSIR, PD-1H) 

Induced in cells of 

the haematopoietic 

lineage, particularly 

in myeloid cells 

(MDSCs), as a 

subset of T cells 

Heart, lung, brain, 

testes, muscle, 

kidney, and 

placenta 

Unknown Co-inhibition 

B7-DC (PDL-2, 

PDCD1LG2) 

Induced in myeloid 

cells and DCs 

Epithelial cells, 

keratinocytes, 

lung, heart, liver, 

and placenta 

Unknown Co-stimulation 

PD-1 (PDCD1, 

CD279) 
Co-inhibition 

The activation of PD-1 signalling in T cells, following engagement of the receptor with 

its immunoinhibitory ligands (PD-L1/L2) on APCs and target cells, such as tumour 

cells, directly inhibits T cell-mediated cytotoxicity and proliferation, and induces cellular 

apoptotic pathways in T cells(54, 139). Of importance to note, IFN production from 

effector T cells following successful anti-tumour immune responses results in the 
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increased expression of PDL-1 on multiple cell types, which can engage PD-1 and 

suppress further anti-tumour T cell responses(54, 173). Additionally, chronic engagement 

of effector lymphocytes with tumour cells results in T cell exhaustion via a PD-1/PDL-1 

dependent mechanism, resulting in the direct suppression of anti-tumour immune 

responses(139).   

CTLA-4 

There are many mechanisms by which CTLA-4, a non-B7 family receptor, acts to 

suppress anti-tumour immune responses (Fig 1.4). Firstly, CTLA-4 possesses a higher 

affinity for the co-stimulatory ligands on APCs than CD28 and as such, competitively 

inhibits the binding of the immunogenic receptor, and subsequent downstream 

cytotoxic and pro-inflammatory CD28-mediated signalling(174) (Fig. 1.4A). 
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Figure 1.4. CTLA-4-mediated blockade of anti-tumour CD28-CD80/86 signalling  

Three forms of competition exist between CTLA-4 and CD28 for access to co-stimulatory 

ligands (CD80/86) and associated pro-inflammatory signalling. A) Chronically-activated 

effector T cells express the immunogenic and immunosuppressive ligands CD28 and CTLA-

4, respectively. CTLA-4 exhibits a higher affinity than CD28 for CD80/86 on antigen  

presenting cells (APCs) and thus, acts as CD4+/CD8+ T cell intrinsic competition for ligand 

access. B) Regulatory T cells (Tregs) additionally express CTLA-4 and therefore, act as cell-

extrinsic competition by preventing the binding of conventional effector T cells (via CD28 or 

CTLA-4) to CD80/86 on APCs. C) CTLA-4, primarily on Tregs, can physically remove co-

stimulatory ligands from APCs via transendocytosis; APCs are unable to achieve CD28-

binding and immunogenic co-stimulation until CD80/86 ligands are re-expressed. This 

mechanism of conventional T cell-extrinsic competition is spatially and temporally separated 

from CD4+/CD8+ T cell activation. (CTLA-4, cytotoxic T-lymphocyte-associated protein 4; 

MHC, major histocompatibility complex; TAA, tumour-associated antigen; TCR, T cell 

receptor). Original figure adapted from Walker et al.(174). Figure created using Servier  

Medical Art templates (licensed under a Creative Commons Attribution 3.0 Unported 

License); https://smart.servier.com.  

Additionally, as well as activated T cells, Tregs, known to be highly abundant in the 

TME, constitutively express CTLA-4. Interestingly, Tregs require both CTLA-4-CD80/86 

https://smart.servier.com/
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engagement, and TCR signalling, to mediate immunosuppression. As such, Tregs 

sequester the co-stimulatory ligands on APCs via CTLA-4-mediated binding, 

preventing the binding of conventional effector T cells to APCs (via immunosuppressive 

or immunogenic receptors)(174) (Fig 1.4B).  

More recently, CTLA-4, primarily on Tregs, has been observed to physically remove 

co-stimulatory ligands from APC via transendocytosis. The most extreme mechanism 

of CTLA-4-mediated inhibition of anti-tumour functions, CD80/CD86 removal results in 

APCs being unable to bind CD28 on conventional T cells and provide co-stimulation. 

Therefore, immunogenic effector T cell functions are diminished until ligand re-

expression occurs(174) (Fig 1.4C). 

The development of ICIs, which ‘reactivate’ tumour-specific effector T cells that have 

previously encountered TAAs (‘tumour memory cells’), revolutionised the treatment of 

cancers which exhibit a highly infiltrated, immune active TME (e.g. NSCLC)(139). 

Additionally, ICIs have been observed to revive exhausted effector T lymphocytes and 

actively reprogram the suppressive Treg milieu(175). Furthermore, the most effective 

therapeutic results have been demonstrated in tumours containing a high immunogenic 

antigen burden, namely neoantigens, which promote potent T cell reactivation 

responses (e.g. melanoma), as discussed above. To date, ICIs targeting CTLA-4 

(Tremelimumab and Ipilimumab) or proteins involved in the PD-1/PDL-1 signalling axis 

(anti- ()PD-1: Nivolumab, Pembrolizumab, and Cemiplimab; PDL-1: Atezolizumab, 

Avelumab, and Durvalumab) have been extensively studied(139, 176, 177) (Fig. 1.5). The 

major ICIs approved for the treatment of different stages of NSCLC, small cell lung 

cancer (SCLC), melanoma, and urothelial, colorectal, hepatocellular, and head and 

neck squamous cell carcinoma (HNSCC) are detailed briefly below(139, 176, 177).
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Figure 1.5. Reactivation of anti-tumour T cell responses using immune-checkpoint blockade 

A) The binding of CD80/86 co-stimulatory ligands on antigen-presenting cells (APCs) to CTLA-4 on conventional effector T cells or regulatory T cells (Tregs) 

negatively modules cytotoxic T cell responses. Tregs can additionally suppress effector T cell activity independent of CTLA-4 engagement. Additionally, PD-1 is 

an immunoinhibitory molecule expressed on chronically activated CD4+/CD8+ T cells. PD-1 engagement with PDL-1 on tumour cells leads to anergy of cytotoxic 

and pro-inflammatory effector T cell responses. Overall, tumour escape and progression as a result of dampened T cell responses is largely underpinned by 

signalling through immune-checkpoint pathways. B) Pharmacological inhibition of immune-checkpoint ligands (PDL-1) and receptors (PD-1; CTLA-4) with 

monoclonal antibodies successfully releases localised immunosuppression and reactivates anti-tumour T cell responses. (CTLA-4, cytotoxic T-lymphocyte-

associated protein 4; MHC, major histocompatibility complex; PD-1, programmed cell death protein 1; PDL-1, programmed cell death-ligand 1; TAA, tumour-

associated antigen; TCR, T cell receptor). Original figure adapted from Ayoub et al.(177). Figure created using Servier Medical Art templates (licensed under a 

Creative Commons Attribution 3.0 Unported License); https://smart.servier.com.  

https://smart.servier.com/
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Ipilimumab  

The fully humanised IgG1 CTLA-4 mAb, Ipilimumab (Yervoy®), was the first ICI 

approved by the FDA as a cancer intervention. Ipilimumab was approved in 2011 for 

the treatment of surgically unresectable and/or metastatic melanoma after patients 

exhibited improved PFS, compared to the standard of care treatment (Dacarbazine 

chemotherapy), in a phase III clinical trial(178). Ipilimumab was later demonstrated to 

exert potent synergistic effects in combination with Nivolumab and as such, this 

combination regime was approved for the treatment of BRAF V600 wild-type (WT) 

(2015) and BRAF V600 mutation positive (2016) unresectable/metastatic 

melanoma(176). This ICI is now additionally used in the adjuvant setting to reduce the 

risk of disease recurrence following surgical resection in stage III melanoma patients. 

As well as melanoma, Ipilimumab has also been approved for the treatment of 

advanced or metastatic NSCLC, colorectal cancer, and renal cell carcinoma, when 

used in combination with additional ICIs (namely Nivolumab)(176). 

Nivolumab  

Nivolumab (Opdivo®) is an IgG4 humanised mAb that specifically targets PD-1, 

blocking its interaction with immunoinhibitory ligands PDL-1/2. In 2015, Nivolumab 

achieved clinical approval following successful outcomes of the phase III CheckMate-

066 study, where significant improvements in OS and PFS were seen in treatment-

naïve BRAF V600 WT advanced melanoma patients who received ICI treatment (58% 

reduction in risk of mortality), compared to conventional chemotherapy 

(Dacarbazine)(179). Months later, Nivolumab was additionally approved for the treatment 

of unresectable or metastatic melanoma patients whose disease has progressed on 

Ipilimumab (BRAF V600 WT) or BRAF inhibitors (BRAF V600 mutant)(176). Nivolumab 

has now also been approved for the treatment of advanced HNSSC (CheckMate-

141(180)), metastatic NSCLC where disease has progressed during/following platinum-

based chemotherapy (CheckMate-017(181) and CheckMate-057(182)), or metastatic renal 

cell carcinoma following previous anti-angiogenic therapy (CheckMate-025(183)). Of 

importance to note, Nivolumab was shown to exhibit a lower toxicity and mediate less 

adverse events than Ipilimumab, potentially as PD-1/PDL-1 signalling is believed to be 

involved later in the T cell response cascade than the CTLA-4 checkpoint, resulting in 

more specific anti-tumour immune responses(184).  

Pembrolizumab  

Similar to Nivolumab, Pembrolizumab (Keytruda®) is an PD-1 humanised IgG4 mAb 

but exhibits a 10x higher affinity for the immunoinhibitory receptor than other  PD-1 

agents(176). Pembrolizumab was first approved for the treatment of advanced or 
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unresectable melanoma in 2014, following the failure of patients on Ipilimumab or 

BRAF V600 mutation-positive patients on BRAF inhibitors (e.g. Vemurafenib or 

Dabrafenib)(176). Later, the indication of this ICI for advanced melanoma was extended 

to first-line intervention following the promising outcomes of the phase III KETNOTE-

006 trial(185). In 2015, Pembrolizumab was also approved for the treatment of metastatic 

PDL-1+ NSCLC where disease progression was observed on/after first-line platinum-

based chemotherapy or EGFR/ALK-targeted therapies (e.g. Certinib; Erlotinib; 

Gefitinib) in patients whose tumours exhibit associated mutations(176). Furthermore, this 

ICI was later licenced for the treatment of platinum-based chemotherapy-resistant 

HNSCC patients (KEYNOTE-012(186)). Pembrolizumab is now being used to treat 

approximately 20 different cancer types in the clinic, either as a monotherapy, or in 

combination with additional ICIs or conventional therapeutics. 

Atezolizumab  

Finally, the blockade of immunosuppressive signalling through the PD-1/PDL-1 axis 

can be prevented through directly blocking PDL-1 interactions with PD-1, thereby 

enhancing anti-tumour T cell activities. Atezolizumab (Tecentriq®) is a fully humanised 

PDL-1 IgG1 mAb which was shown to induce high objective response rates, and 

exhibit no dose-limiting toxicities, in early phase I clinical trials(176, 187). Subsequently, in 

2016, Atezolizumab was approved for the treatment of urothelial cancers and platinum-

based therapy-resistant metastatic NSCLC based on high objective responses rates 

and improved OS outcomes reported for patients enrolled in phase II and III clinical 

trials(176, 187). Although the latest immune-checkpoint blockade to be licenced for use in 

the clinic, there are currently over 100 clinical trials exploring Atezolizumab 

monotherapy, or combination therapy with ICIs and/or chemotherapy, in a wide variety 

of cancer types. To date, Atezolizumab has been approved for the treatment of five 

different cancers including: NSCLC, SCLC, triple-negative breast cancer, and urothelial 

and hepatocellular carcinomas(176, 187).  

Successful patient responses to blockade of the PD-1/PDL-1 axis is inherently 

complex, and the presence of additional immunosuppressive immune-checkpoint 

molecules within the TME has been associated with reduced ICI efficacy (Table 1.1). 

As such, a variety of combination therapies which simultaneously target these different 

molecules are under development in an attempt to overcome such resistance 

mechanisms(166, 172). Particularly, combination approaches using Nivolumab (PD-1) 

and Ipilimumab (CTLA-4) have appeared extremely promising in preliminary trials, 

with agents showing synergistic properties(173, 188, 189). To date, this ICI combination has 

been assessed in a variety of cancer types, in over 100 clinical trials(173, 188, 189).  
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In summary, licensing of ICIs has yielded remarkable anti-tumour immune responses 

and opened new frontiers for the successful treatment of previously hard-to-treat 

cancer types. A myriad of novel immune-checkpoint molecules have been discovered 

in recent years (e.g. LAG-3; T cell immunoglobulin and mucin-domain containing-3, 

TIM-3; T cell immunoglobulin and ITIM domain, TIGIT; V-domain Ig suppressor of T 

cell activation, VISTA)(190); numerous clinical trials are currently ongoing to determine 

the utility of blocking such checkpoints. 

1.2.7 Oncolytic viruses  

The use of oncolytic viruses to selectively induce tumour cytotoxicity has been a major 

avenue of immunotherapeutic research in recent years. Oncolytic viruses consist of 

innocuous viral strains which, upon recognition and entry of tumour cells, replicate and 

promote cell lysis and the release of an abundance of additional viruses(139). As well as 

mediating cancer cell death, oncolytic viruses have also been observed to mediate 

tumour-specific APC-mediated immunity through the release of TAAs upon lysis(139). 

APC-mediated uptake, processing, and presentation of TAAs to effector T cells 

promotes anti-tumour immune responses. Moreover, local, acute viral infection results 

in the complete reprogramming of the TME to one of inflammation, following activation 

of innate immune responses and subsequent pro-inflammatory cytokine production. 

The most common oncolytic virus, Talimogene laherparepvec (T-VEC), is a type-1 

herpes simplex virus which has been transfected to over-express GM-CSF, the 

production of which enhances TAA-presentation by APCs(191). Additionally, T-VEC is 

further genetically modified to preferentially enter and replicate in tumour cells, through 

use of its surface nectin adhesion molecules and propagation of its anti-viral protein 

kinase and IFN signalling pathways, respectively and exhibits enhanced peptide 

loading via MHCI(191). Following positive outcomes of a phase III randomised clinical 

trial, where T-VEC was observed to mediate durable objective clinical responses in 

advanced melanoma patients, the oncolytic virus was the first and only to date to 

receive FDA approval (Imlygic®), for specific use in this malignant setting(192). Whilst 

preclinical studies exploring oncolytic viruses in combination with additional 

immunotherapeutic strategies, including ACT and ICIs, have appeared promising, 

complications relating to the systemic dissemination and organ clearance of oncolytic 

viruses will need to be addressed before combination approaches will be clinically 

viable(139, 191).  
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1.3 The relevance of immune responses in lung cancer 

1.3.1 Lung cancer 

Lung cancer is highly prevalent within the UK, with ~48,000 new cases being reported 

each year(193, 194), making it the third most common cancer after breast and prostate(195). 

Over the past thirty years, the overall rate of lung cancer incidence has declined by 

~8% in the UK(193-195). This has, in part, been attributed to a considerable decrease in 

cancer cases being observed in males, despite a minor increase seen in females(193-

195). As, >60% of lung cancer cases are diagnosed at an advanced-stage, treatment 

options are limited with generally poor prognosis(193-195). Based on the most recent UK 

statistics, 35,349 lung cancer patients die per annum, attributed, in part, to the 

premature failure of therapeutics(193, 194, 196). Whilst lung cancer still composes the 

largest proportion of all cancer-associated deaths (21%), the one-year survival rate has 

increased by more than 10% within the last 15 years (recorded as 36.7% in 2015) (193-

195).  

Lung cancers have various underlying aetiologies, the most dominant environmental 

factor being cigarette smoking (accounting for 85-90% of lung cancer cases). It is 

believed that approximately 1/9 smokers will develop lung cancer during their lifetime. 

Astoundingly, long-term smokers possess a 30-fold increased risk of developing lung 

cancer, compared to non-smokers, with risk appearing directly proportional to the 

quantity of cigarettes consumed(197). In total, cessation of smoking could prevent 20% 

of cancer-related deaths worldwide by limiting exposure to carcinogenic substances. 

However, adenocarcinomas have also been diagnosed in patients with no prior 

smoking history; these cancers often have an underlying genetic contribution. 

Additional environmental factors associated with increased lung cancer risk include: 

exposure to environmental toxins, carcinogenic materials (asbestos; polycyclic 

aromatic hydrocarbons), ionising radiation, radon, and metals (chromium; arsenic; 

nickel), increased alcohol consumption, and a history of pulmonary fibrosis or HIV 

infection(197, 198). 

1.3.2 Lung cancer subtypes 

Lung cancers are categorised into two main histological groups based on their cellular 

morphology: SCLC and NSCLC which comprise 15% and 85% of all lung cancers, 

respectively(197, 198). SCLCs are of neuroendocrine origin, arising from cells located in 

the large airway epithelium, and often express cytokeratin 5/6, desmoglein-3, and 

p40(198). SCLCs are generally the more aggressive lung cancer subtype, and are most 

often diagnosed at a late-stage (IV; ~70% patients) where surgical resection is not 

possible(198). The mainstay treatment for SCLC is conventional chemotherapy, 
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administered as a monotherapy or in combination with radiotherapy. Unfortunately, the 

average overall 5 year survival for late-stage SCLC patients is 5-10%, as metastatic 

lesions are often present at the time of diagnosis(199, 200). In this case, treatment is often 

palliative, and will not be discussed in further detail in this thesis.  

In contrast, NSCLC is of epithelial origin, often from alveolar cells, and is classified into 

3 main subtypes: adenocarcinoma, squamous cell carcinoma, and large cell 

carcinoma(198). Adenocarcinomas, characterised by expression of napsin A and thyroid 

transcription factor 1 (TTF-1), are the most common NSCLC subtype, comprising ~40% 

of all lung cancers(197, 198). NSCLCs are diagnosed at various stages of the disease (I-

IV); the selection and outcome of therapy, as well as prognosis (average 5 year 

survival: ~68%, stage IB; 0-10%, stage IVA/B), varies depending on the stage and 

biology of the tumour(197, 198). Due to major advances in the treatment of NSCLC in 

recent years, particularly relating to the development of immunotherapies to treat late-

stage chemotherapy-resistant disease, the biology, clinical management, and novel 

therapeutic intervention of NSCLC will be discussed hereon in.  

1.3.3 Clinical management of NSCLC  

Staging  

The correct staging of lung tumours helps contribute to optimal disease management 

(diagnosis; prognosis; treatment). Current staging of lung cancer is based on the TNM 

classification (‘tumour, node, and mestastases’; Table 1.2). Advances in medical 

technologies (e.g. computed tomography, endobronchial ultrasound (for mediastinal 

lymph node assessment), and positron emission tomography) have aided in the 

improvement of staging accuracy(195). In brief, ‘T’ relates to the size and invasiveness of 

the cancer, ‘N’ represents any lymph node involvement, and ‘M’ denotes the presence 

of tumour spread(195) (specific details given in Table 1.2). The accumulation of each of 

these factors results in a final TNM stage ranging from IA1-IVB. More recently, Tis 

(adenocarcinoma in situ, ‘Tis/N0/M0) has been introduced to identify tumours where 

malignant cells consist of those only lining the top layers of the airways, but have not 

invaded further into the lungs(195).   
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Table 1.2. TNM staging of lung cancer 

A) The criteria for staging lung cancer based on the TNM (‘tumour [T1-4], node [N0-3], and 

metastases [M0-1]’) classification. B) The accumulative score of each TNM component 

underpins the final TNM stage, ranging from IA1-IVB. Staging information based on the 

International Association for the Study of Lung Cancer (IASLC) 8th edition lung cancer stage 

groupings, International Association for the Study of Lung Cancer (2015). Table generated 

using information gathered from Jones et al.(195). 
 

TNM component Criteria 

T0 No evidence of tumour 

T1 

a 
Also known as T1mi (minimally invasive adenocarcinoma into lung tissue): ≤1 

cm in size and not involving the main bronchus 

b >1-2 cm in size and not involving the main bronchus 

c >2-3 cm in size and not involving the main bronchus 

T2 

a 
>3-4 cm in size (± involvement of main bronchus (including atelectasis) or 

invasion of visceral pleura) 

b 
>4-5 cm in size (± involvement of main bronchus (including atelectasis) or 

invasion of visceral pleura) 

T3 >5-7 cm or tumour involves chest wall, pericardium, or phrenic nerves 

T4 
>7 cm or tumour involves mediastinum, trachea, or close-by organs 

(diaphragm/heart/oesophagus) 

N0 No evidence of nodal involvement 

N1 Ipsilateral hilar node 

N2 Ispilateral mediastinal or subcarinal node 

N3 Supraclavical or contralateral mediastinal node 

M0 No evidence of metastasis 

M1 

a Intrathoracic lesion 

b Single extrathoracic lesion (single organ) 

c Multiple extrathoracic lesions (in single or multiple organs) 

 

 

 

 

 
 
 
 
 
 
 

 N0 N1 N2 N3 M1a M1b M1c 

T1a IA1 IIB IIIA IIIB IVA IVA IVB 

T1b IA2 IIB IIIA IIIB IVA IVA IVB 

T1c IA3 IIB IIIA IIIB IVA IVA IVB 

T2a IB IIB IIIA IIIB IVA IVA IVB 

T2b IIA IIB IIIA IIIB IVA IVA IVB 

T3 IIIB IIIA IIIB IIIC IVA IVA IVB 

T4 IIIA IIIA IIIB IIIC IVA IVA IVB 

(B) 

(A) 
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Screening  

Clinical outcome and treatment regimens for NSCLC patients are directly related to the 

tumour stage at the time of diagnosis. The advent of lung cancer screening, initially in 

the US, has enabled the earlier detection and treatment of the disease, resulting in 

improvements in prognostic outcomes for a number of high-risk individuals(195, 198). In 

2011, the US National Lung Screening Trial (NLST) was the first randomised controlled 

trial, involving 53,454 high-risk patients, to demonstrate a significant reduction (20%) in 

lung cancer mortality as a result of annual screening (for 3 years) using low-dose 

helical computed tomography scanning, compared to chest radiography (6.7%)(201). As 

a result, the US Preventative Services Taskforce implemented the annual computed 

tomography lung screening of long-term and/or heavy smokers (within the last 15 

years) aged 55-80(195, 198). These findings were further supported by the 2017 NELSON 

trial which performed low-dose computed tomography screening of 15,822 

current/former smokers over 10 years. This study observed a reduction in lung cancer-

associated mortality by 26% and 61% in high-risk men and women, respectively who 

were screened vs. unscreened(202, 203).  

Whilst the benefits of screening of high-risk individuals are evident, no national lung 

cancer screening programme has been adopted in the UK to date(195, 198). 

Advancements towards screening in England were made in 2019, where lung health 

checks were being offered by mobile low-dose computed tomography scanning units. 

However, the implementation of a permanent, cost-effective screening platform for 

high-risk lung cancer patients has yet to be achieved in the UK.    

 
Treatment   

NSCLC is a molecularly heterogeneous disease and understanding the genomic 

alterations which underpin its development and progression was pivotal for the 

development of effective therapies in recent years. The movement away from the 

empirical use of conventional cytotoxic agents, towards personalised medicine, was 

underpinned by the advent of targeted and immune-checkpoint blockade therapy, both 

of which have revolutionised the treatment options and survival outcomes for advanced 

NSCLC patients and will be discussed further below.  

Early and locally-advanced NSCLC (Stage I-III) 

Where possible, NSCLC patients with early-stage (I-II) or locally-advanced (IIIA) 

disease are treated with surgical resection with curative intent, namely whole 

lobectomy for improved survival outcomes(198). Despite the large majority of patients 

remaining disease-free following surgery, 30-55% recur due to the presence or 

development of micrometastases(198, 204). As such, adjuvant cisplatin-based 
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chemotherapy combination regimes are now indicated for use in surgical patients post-

resection. Furthermore, neoadjuvant chemotherapy has gained traction in the first-line 

treatment of early-stage NSCLC patients, prior to surgical resection, since it enables 

the early treatment of micrometastases, exhibits more tolerable toxicities than adjuvant 

regimes, and has been associated with tumour shrinkage aiding in a more complete 

removal of malignant tissue during surgery(198). When early-stage or locally-advanced 

patients are not fit or eligible for surgery, tumours are often treated with chemotherapy 

and/or conventional/stereotactic radiotherapy to treat both local disease and distant 

micrometastases(198). However, NSCLC patients with stage III disease often have a 

poor prognosis following therapy (5 year OS of 15%(198)). As such, the development of 

novel therapies to better treat this patient cohort has been of great interest in recent 

years. 

The development of immunotherapeutic agents which exploit the highly infiltrated TME 

has dramatically changed NSCLC treatment options. Specifically, in 2017 the PACIFIC 

trial reported the PDL-1 therapy, Durvalumab, to exhibit an improved PFS (11.2 

months total) in non-resectable stage III NSCLC patients following chemoradiotherapy 

treatment, compared to receiving first-line chemoradiotherapy alone(205). Following the 

favourable outcomes of this trial, Durvalumab was approved by the FDA as a second-

line treatment modality of locally-advanced disease in 2018.  

Late-stage advanced or metastatic NSCLC (Stage IV) 

Prior to the emergence of targeted agents and immunotherapy, the treatment of 

NSCLC patients with late-stage advanced or metastatic disease revolved around the 

use of systemic platinum-based doublet chemotherapy (Cisplatin/Carboplatin + 

Paclitaxel/Docetaxel/Gemcitabine/Vinorelbine)(198). However, these agents demonstrate 

variable efficacy and toxicity profiles in the clinic, and disease progression is observed 

following treatment in the majority of cases due to the chemotherapy-insensitive nature 

of NSCLC(198, 206).  

Initial advances in treatment options for aggressive NSCLC involve harnessing the 

shared mutational profile of these tumours through targeting over-expressed proteins 

driving their oncogenesis. Somatic mutations in KRAS and EGFR are commonly found 

in tumour-initiating NSCLC cells and as such, represent promising candidates for 

targeted therapies(207). In most instances, alterations in KRAS and EGFR are mutually 

exclusive. However, when expressed concurrently, KRAS is capable of mediating 

resistance to EGFR blockade by activating pro-tumour signalling downstream of 

EGFR(207).  Additionally, either of these mutations can occur alongside activating 

mutations in ROS and ALK in lung adenocarcinoma patients with no prior smoking 
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history. Due to their dominant tumour-promoting (onocogenic) properties, these 

mutations limit the selection of additional aberrations, and so are often found in lung 

tumours exhibiting low mutational burdens(207). On the other hand, smokers possess 

lung tumours which exhibit a higher mutational frequency, namely non-activating 

cytosine to adenine (C>A) nucleotide transversions. Mutations in the gene encoding 

P53 (TP53) are often observed in later-stage NSCLCs, indicating its role in tumour 

progression, rather than initiation(207). To date, there are a variety of tyrosine kinase 

inhibitors and mAbs, which block this aberrant growth signalling, approved for the 

treatment (first/second/third-line and maintenance) of advanced/metastatic NSCLC 

including Osimertinib (EGFR+), Crizontinib/Alectinib (ALK/ROS+) and 

Debrafenib/Trametinib (BRAF+).   

Whilst these targeted therapies have achieved high response rates and greatly 

improved the PFS and OS of stage IV NSCLC patients in recent years, the 

development of innate and acquired resistance to these agents often results in disease 

progression less than a year following treatment(198, 207). The main resistance 

mechanisms include, but are not limited to: activating and missense mutations (exon 

20 T790M) in EGFR (40-60% of patients), ROS1 and ALK gene translocations (1-2% 

and 5% of patients, respectively), and oncogene amplifications (HER2; MET; PIK3CA; 

<30% of patients)(198, 207). Whilst a variety of ongoing clinical trials are assessing the 

treatment of relapsed disease with next-generation targeted therapies which override 

these resistance mechanisms (e.g. Osimertinib which specifically targets EGFR 

missense mutations(208)), complications arising as a result of off-targeted toxicities has 

limited their progression into the clinic.  

Overall, metastatic NSCLC remains a highly aggressive and incurable disease. The 

inability to treat this cohort of patients with conventional cytotoxic agents or targeted 

therapies, as a result of dominant genomic instability within the TME, underpins the 

continually high mortality rate observed in the clinic. However, in recent years, better 

understanding of the dynamic tumour-immune interactions which impact cancer 

progression has resulted in a shift towards the use of agents which harness a patient’s 

own immune system.  

One of the most promising therapeutic interventions for the treatment of advanced or 

metastatic NSCLC has been the use of ICIs, which have shown long-lasting benefits 

including major improvements in OS (up to 5 years) following diagnosis(198). To date, 

ICIs have been approved for the first and second/third-line treatment of stage IV 

NSCLC, as discussed previously in the above sections. The KEYNOTE-024 trial was a 

breakthrough in the field of immunotherapeutics, demonstrating that successful 

response of NSCLC patients to PD-1 therapy (namely Pembrolizumab) is heavily 
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reliant on the presence of immunoinhibitory PDL-1 signalling within the TME(209). This 

study was pivotal for the emergence of personalised medicine and the stratification of 

patients into response groups based on the expression of relevant tumour biomarkers 

(PD-1 and PDL-1). 

In general, despite ICIs appearing the most potent anti-cancer therapeutics for 

aggressive, hard-to-treat NSCLCs, only 20-25% of NSCLC exhibit effective (initial or 

sustained) responses to single-agent ICIs(210), often as a result of the development of 

primary or acquired resistance mechanisms within the TME(173) (discussed in later 

sections). Understanding the biology underpinning immunotherapeutic resistance is 

imperative for the development of agents which can re-harness their powerful 

immunogenic, anti-tumour potential, and will be a major focus of this thesis.  

1.3.4 Immunotherapeutic resistance in NSCLC   

Failure of immunotherapeutic intervention is broadly underpinned by the emergence of 

primary (innate) or acquired resistance mechanisms within the TME(173). This 

classification of immunotherapeutic resistance mechanisms is generally accepted in 

the clinic, and each class exhibits the following clinical features: 

1) Primary resistance – Tumours do not initially respond to immunotherapeutic 

intervention. 

2) Acquired resistance – Tumours initially respond to immunotherapeutic 

intervention, but this initial response is not durable, resulting in disease 

progression and relapse [a period of time] following treatment, often as a result 

of tumour cells adapting and evolving to avoid immune recognition and 

elimination.  

Despite their differing manifestations, the underlying cause of these ICI resistance 

mechanisms are often overlapping and can be broadly underpinned by either tumour-

cell-intrinsic or -extrinsic factors(173). Furthermore, due to the heterogeneous and 

multifocal nature of tumours, differing responses to ICIs have been observed between 

distinct tumours within the same patient(173).  

Tumour-cell-intrinsic factors 

The primary mechanism of ICI resistance is a downregulation of de novo genomic 

mutations, resulting in the absence of neoantigen formation and anti-tumour T cell 

recognition and response(173). Additionally, tumours can promote the loss of TAA 

expression at the protein level. However, whilst TAAs may exist in abundance, 

malignant cells can develop strategies to inhibit antigen presentation to T cells, 

including loss or silencing of MHC molecules or associated components e.g. 2-

microglobulin (B2M), as well as depletion or negative alterations of antigen-presenting 
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machinery e.g. TAP complexes or proteasome subunits(211). Since B2M mediates MHCI 

folding and transport to the cell membrane, CD8 T cell recognition is compromised 

following its depletion. Moreover, loss of proteasome subunits which process TAAs into 

short tumour-related peptides, and TAP protein complexes which deliver and present 

these peptides to MHC molecules in the endoplasmic reticulum, largely hinders the 

development of MHC:peptide complexes and presentation to effector T cells(212). 

Finally, IFN is a key pro-inflammatory molecule known to mediate effective anti-tumour 

responses, promoting antigen presentation, recruitment of immunogenic cells, and 

tumour cell apoptosis. Cancer cells exhibiting inactivating or ‘escape’ mutations, or 

downregulation of components involved in the IFN signalling pathway (e.g. 

JAK/STAT), have been associated with tumour-mediated immune evasion, and 

subsequent development of immunotherapeutic resistance(213). In particular, analysis of 

tumours from patients who demonstrated innate resistance to CTLA-4 therapy 

revealed mutations in genes associated with IFN signalling pathway including IFN 

receptor 1 and 2, JAK2, and interferon regulator factor 1 (IRF-1)(213). All of the above 

tumour-cell-intrinsic factors have been associated with the development of primary and 

acquired resistance. 

Additional tumour-cell-intrinsic factors that contribute exclusively to primary and 

acquired immunotherapeutic resistance include the development of aberrant signalling 

cascades, which limit immune infiltration and/or function in the TME(173). Increased 

tumour growth, proliferation, and angiogenic signalling via PI3K, following upregulation 

of components of the MAPK signalling pathway, or downregulation of PTEN 

expression, dominantly regulates the development of tumour-cell-intrinsic resistance(173, 

214). Moreover, tumour cells can upregulate Wnt signalling by increasing the 

stabilisation of -catenin, enabling its entry into the nucleus to mediate the transcription 

of cell proliferation-related genes. Additionally, -catenin has been shown to repress 

CCL4 production in the TME, limiting the chemoattraction of pro-inflammatory DCs and 

effector T lymphocytes to the tumour site to mediate anti-tumour immune 

responses(215).  

Finally, one of the many mechanisms underlying resistance to ICIs is the upregulation 

of additional immune-checkpoint molecules, not being targeted by the therapy, on 

tumour cells which mediate immunosuppression and pro-tumour immunity. Tumour-

associated silencing and activating mutations in PTEN (anti-tumour) and PI3K/AKT 

(pro-tumour) signalling pathway components, respectively, have been associated with 

constitutive PDL-1 expression in some tumours, resulting in primary and/or acquired 

immunotherapeutic resistance(173). Consequently, combinations of immunotherapeutic 

agents which do not possess overlapping mechanisms of action have undergone 
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clinical testing, in an attempt to improve drug efficacy(173, 216). In particular, the 

combination of CTLA-4  (Ipilimumab or Tremelimumab) and PD-1 (Nivolumab or 

Durvalumab) agents were observed to have a synergistic effect on mediating anti-

tumour immunity and showed increased response rates (up to 60%), in a variety of 

cancer types, as described above(173, 216). As such, these ICIs have been approved for 

use in combination as a front line therapy for advance melanoma patients; ongoing 

clinical trials are assessing this combinational ICI approach for the treatment of 

advanced-stage IV NSCLC(217). Furthermore, since drug toxicities vary depending on 

tumour type, differing intervention intervals and dosing of these agents are currently 

being assessed in other tumour types in clinical trials(173, 216).  

Tumour-cell-extrinsic factors 

The development of an immunosuppressive TME is believed to be a dominant tumour-

cell-extrinsic factor driving primary and/or acquired ICI resistance. This encompasses 

the presence of tumour-infiltrating myeloid cells (namely TAMs and MDSCs), additional 

suppressive immune cells (Tregs), or the expression of immune-checkpoint molecules 

(classical: PD-1, PDL-1, and CTLA-4; non-classical: LAG-3; VISTA; TIGIT; TIM-3) in 

high abundance(173, 218, 219). In all instances, these components dominantly suppress 

anti-tumour effector lymphocyte responses, independent of blockade of the PD-1/PDL-

1 axis and/or CTLA-4 signalling. The contribution of each of the above tumour-cell-

extrinsic factors to the development of a tumour-promoting TME has been detailed 

previously in this chapter, so will not be explored further here.  

Despite the great improvements in clinical response seen with ICI combination 

therapies using inhibitors of both classical and non-classical immune-checkpoints, 

durable responses are still not achieved in ~40% of patients(173, 220, 221), indicating the 

presence of dominant immune-checkpoint-independent mechanisms of ICI resistance. 

As such, there has been a paradigm shift in therapeutic strategy in recent years;  

towards targeting whole cell populations contributing to immunotherapeutic resistance, 

rather than targeting specific aberrantly-expressed molecules on tumour and immune 

cells. Specifically, targeting immunosuppressive TAMs within the TME is currently a 

major area of research interest due to their high abundance in a vast number of tumour 

types. For example, blockade of both PD-1 and PDL-1 on Ms (PD-1, M1-like; PDL-1, 

M2-like) has previously been associated with profound anti-tumour responses through 

the promotion of the pro-inflammatory M1 phenotype and inhibition of PD-1/PDL-1-

mediated suppression of effector T cell responses, respectively(222, 223). These findings 

indicate the dominant role of PD-1/PDL-1 signalling in mediating immunosuppression, 

regardless of the ‘anti-tumour’ phenotype of the cells expressing these immune-

checkpoint molecules and emphasise the plasticity of the TAM phenotype in the TME. 
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Unfortunately, TAMs simultaneously possess additional immune-checkpoint-

independent mechanisms of mediating T cell suppression(218) (Fig. 1.6A-B) and as 

such, have been heavily associated with the development of immunotherapeutic 

resistance in recent years. Successful TAM targeting to improve ICI efficacy forms the 

main motivation for this thesis and as such, the specific therapeutic strategies 

described to date are detailed below.  
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Figure 1.6. Overcoming immunotherapeutic resistance: targeting TAMs 

A variety of therapeutic strategies which target tumour-associated Ms (TAMs) have been studied for their ability to enhance patient response to immune-

checkpoint inhibitors (ICIs; anti- ()PD-1, PDL-1, and CTLA-4). A) Anti-tumour immune responses are inhibited by activation of immune-checkpoint signalling 

within the TME. TAMs additionally suppress effector CD4+/CD8+ functions via immune-checkpoint-dependent and -independent mechanisms. B) Pharmacological 

inhibition of immune-checkpoint molecules with monoclonal antibodies successfully releases localised immunosuppression and reactivates anti-tumour T cell 

responses. However, TAM-mediated suppression of anti-tumour effector T cell functions, independent of immune-checkpoint signalling, overrides successful ICI 

blockade and limits the efficacy of these agents. C) The therapeutic efficacy of ICI intervention may be improved by targeting TAMs via three main mechanisms: 

TAM depletion (left), TAM reprogramming (centre), and targeting functional molecules of TAMs (right). (CTLA-4, cytotoxic T-lymphocyte-associated protein 4; 

CSF-1R, colony stimulating factor-1 receptor; FcR, Fc gamma receptor; M, macrophage; HDAC, histone deacetylase; MARCO, macrophage receptor with 

collagenous structure; MHC, major histocompatibility complex; PD-1, programmed cell death protein 1; PDL-1, programmed cell death-ligand 1; TAA, tumour-

associated antigen; TCR, T cell receptor). Original figure adapted from Cassetta et al.(218). Figure created using Servier Medical Art templates (licensed under a 

Creative Commons Attribution 3.0 Unported License); https://smart.servier.com.  

 

 

https://smart.servier.com/
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1.4 Overcoming TAM-mediated immunotherapeutic 
resistance  

Three main TAM targeting strategies have been proposed to improve ICI efficacy in the 

literature(218) (Fig. 1.6C), including:  

1) Depletion of immunosuppressive TAMs. 

2) Reprogramming of the anti-inflammatory M2-like TAM state. 

3) Blockade of functional molecules on TAMs which mediate immunosuppression. 

1.4.1 TAM depletion  

The blockade or total depletion of proteins involved in the recruitment, differentiation, 

polarisation, and survival of TAMs to the tumour site, namely CSF-1R (expressed on 

myeloid cells, namely M2-like Ms), appears the most efficient TAM targeting strategy 

to date(218). The use of mAbs and antagonists against CSF-1R (CSF-1R and 

PXL3397/BLZ945, respectively) have been shown to significantly reduce the levels of 

TAM infiltration and alter the phenotype of TAMs towards pro-inflammation (via 

reduction in immunosuppressive molecule expression/secretion: PDL-2; TGF; 

arginase-1), in preclinical murine models of breast, brain, and pancreatic cancer(224-226) 

(Fig. 1.6C). In addition, in vivo co-administration of PLX3397 with CTLA-4 and PD-1 

agents limited pancreatic tumour development, progression, and subsequent outgrowth 

by ~50% as a result of CD8+ T cell reactivation(224).  

Unfortunately, since CSF-1R can be expressed by various myeloid cell populations, 

inhibition of this receptor is not TAM-specific, and can cause additional depletion of 

pro-inflammatory monocytes and Ms(218). These immunostimulatory myeloid cells are 

required for both potent anti-tumour immunity and successful responses to PD-1 and 

CTLA-4 agents(218) and therefore, complete ablation of these cells from the TME may 

result in the development of localised immunosuppression, and hinder ICI therapeutic 

efficacy.  

Alternative strategies which limit the depletion of these pro-inflammatory myeloid cells 

are currently under assessment(218) and include: 

1) Blockade/depletion of immature myeloid cells which possess 

immunosuppressive functions (e.g. mMDSCs) and the capabilities to 

differentiate into TAMs, but lack conventional monocyte/M markers. 

2) Performing ‘pulsing’ depletions of TAMs with associated rest periods which 

enable the recovery of monocyte number and anti-tumour functions prior to 

TAM development.  
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Whilst these alternative strategies initially appear promising, further studies are needed 

to confidently unveil the optimal markers and timings for distinguishing mMDSCs and 

TAM ablation ‘pulsing’, respectively(218).   

1.4.2 TAM reprogramming 

The expression and production of immunosuppressive molecules TGF and arginase-1 

from TAMs is dominantly regulated by PI3K. Improved cytotoxic capacity of effector T 

cell responses were observed in murine models deficient in PI3K, owing to a reduction 

in immunosuppressive TAM functions(227). Interestingly, the PI3K inhibitor, TG100-15 

enhanced the immune-promoting effects of PD-1 antibody therapy by reactivating 

cytotoxic CD8+ T cell responses and therefore, may be a promising strategy for 

overcoming resistance to ICI monotherapy(227) (Fig. 1.6C). 

Additionally, inhibition of class IIa histone deacetylases (HDACs), which negatively 

regulate the activity of a variety of transcription factors involved in inflammatory and 

anti-tumour processes (e.g. Runx2 and calmodulin-binding transcription activator), 

switches TAMs from an immunosuppressive to a pro-inflammatory M1-like state that 

suppresses tumour growth(228). Whilst in vivo mammary tumours exhibited innate ICI 

resistance, TMP195 (selective IIa HDAC inhibitor) in combination with PD-1 therapy 

appeared successful at reducing neoplastic development and growth to a greater 

extent than TMP195 alone(228) (Fig. 1.6C). These findings indicate the ability of HDAC 

inhibition to successfully suppress TAM-mediated tumour growth and tumour-cell-

extrinsic resistance to immune-checkpoint inhibition.  

Similarly, macrophage receptor with collagenous structure (MARCO) is predominantly 

expressed by TAMs in response to IL-10 stimulation. Inhibition of this receptor using 

monoclonal blocking antibodies (MARCO) has been shown to successfully reprogram 

immunosuppressive TAMs into an immune-activating M1-like state in preclinical murine 

melanoma models(229) (Fig. 1.6C). Furthermore, MARCO treatment augmented the 

efficacy of CTLA-4 agents by promoting cytotoxic T cell activity, resulting in tumour 

growth inhibition(229).  

However, concerns surround the high plasticity of the TAM phenotype and associated 

functions; to date, studies have not fully elucidated the M skewing effects of treatment 

discontinuation and therefore, it is probable that TAMs would switch back to mediating 

pro-tumour immunity following completion of the therapeutic regime(218). As such, the 

clinical application of these inhibitors are limited until these long-term treatment effects 

are elucidated.  
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1.4.3 Targeting functional molecules of TAMs 

The final TAM intervention strategy is the targeting of functional molecules on TAMs 

which directly or indirectly mediate immunosuppression. TAMs isolated from 

subcutaneous sarcomas have been reported to suppress effector T cell activation and 

proliferation in vivo via arginase-1-dependent mechanisms(218). Blockade of arginase-1, 

which is a cytosolic enzyme, using (CB-1158), effectively reduced tumour growth and 

invasion/metastasis, and displayed synergistic anti-tumour activity when administered 

in combination with ICIs (PDL-1 and PD-1/CTLA-4 therapies), in a variety of in vitro 

and in vivo tumour systems(230) (Fig. 1.6C). Secondly, the blockade of Fc receptors 

(namely, Fc gamma receptor; FcR) which are upregulated on TAMs following 

exposure to IL-10 have appeared extremely promising so far. TAMs exploit these Fc 

receptors to sequester PD-1/PDL-1 antibodies, preventing their specific binding to the 

appropriate inhibitory immune-checkpoint molecules and thus, indirectly mediate 

immunosuppression. Subsequently, the administration of FcR blocking antibodies in 

combination with PD-1 agents significantly improved immunotherapeutic efficacy by 

prolonging ICI-PD-1 interactions which reactive cytotoxic anti-tumour immune 

responses(231) (Fig. 1.6C). 

However, blocking Fc receptors can have global adverse effects on pro-inflammatory 

immune responses, since Fc receptors on myeloid cells and cytotoxic T cells are 

required for ADCC and ADCP, as described above. Additionally, a MoA of CTLA-4 

therapy is the TAM-derived FcR-dependent depletion of Tregs; consequently, FcR 

inhibition may negatively impact the efficacy of ICIs in some instances through limiting 

existing anti-tumour immunity(218).  

In summary, to date, there have been limited studies exploring the success of TAM-

targeted therapies on bolstering the therapeutic efficacy of PDL-1 agents e.g. 

Atezolizumab. This research avenue was of major interest to explore further in this 

thesis. The identification of TAM-specific targets without off-target adverse immune 

effects will be imperative for driving the success and translation of these TAM-targeted 

agents into the clinic as a therapeutic strategy for improving immunotherapeutic 

efficacy.  

1.5 Current 3D modelling of NSCLC and the TME 

Despite advances in combinational therapeutic approaches in the field of immuno-

oncology, the majority of patients still exhibit poor responses to ICIs(173). Therefore, the 

development of biomarkers and gene signatures which predict durable responses to 

such agents has been an imperative part of clinical research in recent years, enabling 
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the advent of personalised medicine approaches when selecting treatment regimens to 

maximise therapeutic efficacy and limit toxicity(232). Importantly, 85-89% of drugs that 

pass pre-clinical testing fail to gain FDA approval due to high toxicity or a lack of 

efficacy observed in early clinical trials(233-235). One of the main reasons for this high 

therapeutic attrition rate is the lack of clinically-relevant, humanised pre-clinical models 

which accurately reflect the heterogeneity and complexity of the TME, and associated 

efficacy and toxicity, in situ(196). The development of a more robust, pre-clinical patient-

derived model of NSCLC, to better study the role of TAMs in mediating patient 

response to immunotherapeutic combination regimes, is a further aim of this thesis. 

1.5.1 In vitro patient-derived spheroid and organoid models  

Recent years have seen the development of new and improved in vivo, as well as 3D 

human spheroid and organoid, systems. However, these models are highly 

compromised and exhibit major limitations. Patient-derived tumour cells cultured as 

spheroids, or organoids reconstituted from tissue, require the tumour tissue to be 

homogenised into a single cell suspension prior to culture and formation, resulting in 

the native composition and architecture of the tissue being lost(236-238). Additionally, the 

subsequent culturing conditions impose selection pressures on these 3D systems, 

often favouring the preferential growth of a single cellular component, such as the 

expansion of epithelial tumour stem cells(236-238). It is important to note that heterotypic 

tumour and cancer-associated stroma-containing spheroids have served as useful 

models for assessing the role of conventional therapies and immune-modifying agents 

(IMAs) in modulating various cellular compartments to influence the M phenotype in 

the lung TME(239-242). However, the lack of M functional data generated using these 3D 

NSCLC models limits the impact and biological relevance of the study outcomes. 

Localised suppression of pro-inflammatory T cell functions within the lung TME is a 

rigorous barrier to anti-cancer immunity. Therefore, the development of an 

immunosuppressive TME limits treatment response to both conventional and 

immunotherapeutic drugs in NSCLC(243).  

1.5.2 In vivo PDX mouse models  

Patient-derived xenograft (PDX) models involve the establishment and maintenance of 

expanding tumour tissue within immune-deficient mice, but these are highly laborious, 

exhibit unpredictable success rates, and are expensive(244). For many cancer types, 

there is a high attrition rate where tumours simply fail to grow, except for the most 

aggressive forms, and hence these models pre-select a subset of tumour types from 

the onset. In addition, host murine cells inevitably become integrated as a component 

of the engraftment, resulting in a hybrid human:mouse tissue environment which is 
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highly artificial(244). Common to these PDX approaches is the immunodeficient 

background of the host, and hence they are largely irrelevant for immunological 

research. The ‘humanisation’ of the mouse PDX model (‘immune-PDX’), whereby the 

mouse immune system is partially replaced with functional human immunity, paved the 

way for more accurate immunotherapeutic studies(237). However, these models still lack 

humanised infiltrating immune cells and xenografts become heavily composed of 

murine stroma. As a result, these models cannot be used as a representation of M-

tumour-stroma interactions in the TME. There is therefore a need for more tractable 

and relevant tissue-modelling approaches which recapitulate the original 3D structure, 

cellular composition, and heterogeneity of the TME.  

1.5.3 Ex vivo patient-derived explant models  

Patient-derived explants have been explored as a relevant tumour model for the 

preclinical testing of existing or novel therapeutics in recent years. These models 

involve the ex vivo culture of fresh human tumour tissue slices or cubes, obtained from 

surgical resection or biopsy. These explants maintain the native architecture, 

histological features, and microenvironmental components of the original tumour 

tissue(244). Despite the concept of explant culture existing since 1951, where Leighton 

described the biological importance of considering the 3D spatial dimensions and 

dynamic cellular interactions within animal tissues when performing impactful functional 

studies(245), the applicability of these ex vivo models within the cancer drug 

development pipeline has only been exploited within the past decade. 

The first use of explanted human tumour tissue to study drug response was pioneered 

in the 1980-90s by Robert Hoffman et al.(246-248) , where the chemotherapeutic response 

of tumour slices were assessed using a Histoculture Drug Response Assay (HDRA). 

This technique incorporated explanted tumour material into a collagen gel to maintain 

the enriched stromal component of the TME and preserve the spatial organisation and 

functions of additional cell types within a single tumour(246-248). Incredibly, preclinical 

HDRA studies demonstrated high accuracy (up to 92.1%) for predicting drug sensitivity 

in colorectal, gastric, and lung cancers. 

Despite the unmistakable success of the HDRA, and the development of new and 

improved explant models which better reflect the complex TME and exhibit improved 

drug diffusion and culture viability(244, 249-252), the explant model has not been 

extensively used as a drug prediction/development platform since the 1990s. Mainly, 

the use of more readily-available and well-characterised systems such as 2D cell lines, 

PDX mouse models, and 3D spheroid/organoid models which allow for more long-term 

therapeutic studies, superseded the use of the explant platform(244). However, the 
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development of ICIs, and the subsequent new-founded appreciation of the TME in 

driving immunotherapeutic response and/or resistance, has dominantly contributed to 

the re-emergence of the explant model as a patient response prediction platform(244). 

Whilst patient-derived explant models have allowed for the ex vivo assessment of 

tumour-immune cell interactions following immunotherapeutic intervention using real-

time imaging and immunostaining(253, 254), limited studies to date have investigated the 

functional impact of ICI treatment on effector immune cell responses in the TME. As 

such, the development of a human patient-derived 3D tissue explant model of NSCLC, 

capable of predicting patient responses to immunotherapeutic agents ex vivo, was an 

area of major research focus in this thesis.  

1.6 Hypothesis and aims 

The lung TME contains tumour-supporting myeloid cells, namely M2-like TAMs, that 

are associated with anti-inflammatory cytokine production and suppression of pro-

inflammatory T cell responses, but can be reprogrammed.  

Hypothesis: Successful cellular responses to PDL-1 therapy (Atezolizumab) within 

the lung TME is M-mediated, and M2-like M reprogramming may aid in releasing 

localised immunosuppression, with a potential for bolstering ICI efficacy. 

To investigate this, the aims of this thesis were as follows: 

1) Develop and characterise a multi-component spheroid model of NSCLC to 

study M polarisation and function in the lung TME, in vitro. 

2) Investigate M polarisation and function in the lung TME, ex vivo using a novel 

patient-derived explant model of NSCLC, as an in situ TME mimic. 

3) Identify novel markers which can better define blood- and tissue-derived M 

subsets. 

4) Explore the ability of the patient-derived explant system to model cellular 

responses to Atezolizumab in the lung TME, and identify whether IMAs can 

improve cellular responses to Atezolizumab through reprogramming M2-like 

and tumour-conditioned Ms (TCMs), ex vivo.
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2 Materials and Methods 

2.1 Cell isolation and culture  

All cells used in this thesis were maintained at 37°C in a humidified incubator 

containing 5% CO2. All tissue culture was performed in a class II biosafety cabinet. 

Cells were tested every two months for Mycoplasma using a MycoAlert Mycoplasma 

Detection Kit (Lonza).  

2.1.1 Cell lines 

Cell line authentication was performed by the supplier using cytogenetic isoenzymatic 

and deoxyribonucleic acid (DNA) profile analysis. Cell morphology was regularly 

assessed, by visual inspection, throughout the duration of in vitro culture.  

H522 is a NSCLC cell line originally isolated from a stage 2 adenocarcinoma 

patient, and was obtained from ATCC (ATCC CRL-5810)(255). H522 cells were used up 

to passage (p) 15.  

THP-1 is an immortalised monocytic cell line originally isolated from an acute 

monocytic leukaemia patient, and was obtained from ATCC (ATCC TIB-202)(89). THP-1 

cells were used up to p11.  

WT and CD40L-over-expressing NIH3T3 mouse fibroblast cell lines were 

obtained from a collaborator, Professor Martin Rowe. NIH3T3 WT cells were 

transfected to express human CD40L, as previously described(256, 257). Protein 

expression on NIH3T3 WT and CD40L cells were monitored regularly by flow 

cytometry. Cell lines were used up to p13, at matched passage numbers, and were 

discarded after four sequential passages because CD40L expression was not stable 

with extended culture. 

#15 is a mesothelioma cell line previously generated in the lab by Dr Zsuzsanna 

Tabi and Dr Saly Al-Taei, and was derived from the long-term culture of explanted 

tumour biopsy material from an epithelioid mesothelioma patient(258, 259). The #15 cell 

line is provided and independently validated through Mesobank UK. #15 cells were 

used up to p12. 

2.1.2 Primary samples 

Ethical approval for all projects were provided according to the Helsinki Declaration of 

Institutional Standards. 

Ethical approval pertaining to the collection of peripheral blood from healthy donors 

under informed consent was obtained from Cardiff University School of Medicine Ethics 

committee (project 18/17). Ethics covered the use of peripheral blood mononuclear 
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cells (PBMCs) from whole blood samples. Consent was obtained by research staff 

trained in ‘Valid Informed Consent in Research’ by Health and Care Research Wales. 

Whole peripheral blood was taken by trained phlebotomists at the University Hospital 

Wales (UHW) or at Velindre Cancer Centre.  

Ethical approval relating to the collection and use of NSCLC tissue and peripheral 

blood was held by the Wales Cancer Bank (WCB; http://doi.org/10.5334/ojb.46, project 

17/016). Informed consent for the sampling of clinical specimens was obtained from 

NSCLC patients undergoing surgical resection at the UHW. Consent and sample 

collection was performed by WCB staff. Tissue sampling and histological assessment 

was performed by a certified NHS histopathologist. Relevant clinical information was 

obtained from the WCB. Patient demographics corresponding to the NSCLC samples 

used in this project are shown in Table 2.1. Pathological TNM staging, post-surgery, 

was used in the majority of cases (71.4%); clinical TNM staging, pre-surgery, was 

performed for 28.6% of patients. Histological staining of surgically resected research 

samples was carried out in this project, and pathological TNM staging confirmed for all 

specimens (as described in Section 2.7.1), independent of patient data, by Professor 

Richard Attanoos (NHS histopathologist). NSCLC patient-derived explants were used 

immediately following surgical resection. Individual patient samples are referred to by 

their identification numbers.  

  

http://doi.org/10.5334/ojb.46
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Demographic  All patients N=14 
Age at operation, years   

     Median (Min, Max) 71.5 (53, 78) 

     Mean  69.6 

     SD 8.4 

Sex   

     Male 8 (57.1%) 

     Female 6 (42.9%) 

Histology   

     Adenocarcinoma 5 (35.8%) 

     Squamous cell carcinoma  9 (64.2%) 

T stage 
 

     T2a 1 (7.1%) 

     T2a 4 (28.6%) 

     T2b 3 (21.4%) 

     T3 6 (42.9%) 

N stage   

     N0 8 (57.1%) 

     N1 5 (35.8%) 

     N2 1 (7.1%) 

M stage 
 

     MX 8 (57.1%) 

     M0 4 (28.6%) 

     M1b 2 (14.3%) 

 

Patient-derived lung CAFs were generated by the long-term culture of 

explanted surgically resected NSCLC tissue, as detailed in section 2.3.2. 

Primary lung fibroblasts from non-malignant tissue (AG02603) were obtained 

from Coriell Institute for Medical Research. AG02603 were used at p8-12. 

The routine confirmation of cell phenotypes was performed using antibodies against 

characteristic fibroblast and epithelial cell proteins by flow cytometry.  

2.1.3 Tissue culture medium 

The in vitro culture conditions and maintenance medium for each cell type used in this 

thesis are summarised in Table 2.2. Cells were cultured in Roswell Park Memorial 

Table 2.1. Patient demographics corresponding to samples included in explant 

experiments  

Clinical information (age; sex; histology; TNM stage) from fourteen NSCLC patients included 

in ex vivo patient-derived explant experiments in this thesis. M, metastasis; MX, metastasis 

cannot be measured; N, node; T, tumour.  
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Institute (RPMI)-1640 (Lonza) medium supplemented with 1 mM sodium pyruvate 

(Sigma Aldrich), 25 mM HEPES buffer (Sigma Aldrich), 100 U/mL penicillin (Lonza), 

100 g/mL streptomycin (Lonza), and 2 mM L-glutamine (Gibco, Thermo Fisher 

Scientific). This culture maintenance medium, is referred to as complete RPMI from 

hereon in. Complete RPMI was additionally supplemented with 5-10% (volume/volume, 

v/v) foetal bovine serum (FBS), depending on the cell type in in vitro culture (referred to 

as 5-10% RPMI from this point onwards; Table 2.2). Ex vivo patient-derived explant 

culturing conditions are described in later sections (2.3.1 and 2.5). 

 

Cell type 
Maintenance culture 

conditions 
(% FBS) Complete medium 

H522 Adherent plasticware 10% RPMI 

THP-1 
Suspension in adherent 

plasticware 
10% RPMI 

NIH3T3 WT/CD40L Adherent plasticware 10% RPMI 

#15 Adherent plasticware 5% RPMI 

Patient-derived lung CAFs Adherent plasticware 10% RPMI 

AG02603 Adherent plasticware 10% RPMI 

PBMCs 

N/A as cells used 

immediately in in vitro/ex 

vivo assays (suspension in 

adherent or cell-repellent 

plasticware) 

10% RPMI (FBS content varies for ex 

vivo experiments) 

 

2.2 In vitro multi-component spheroid generation 

3D Spheroids were generated in 96-well U-bottom plates with cell-repellent surface 

(Greiner Bio-One). To generate homotypic or heterotypic (mixed) NSCLC spheroids, 

H522 tumour cells were incubated alone or together with AG02603 fibroblasts (AGFB) 

at a ratio of 4:1 (tumour: fibroblast) in 10% RPMI, based on cell ratios used in previous 

lung tumour-stroma co-culture studies(260), to generate 1x104 cell spheroids. Homotypic 

AGFB spheroids (1x104 cells) were established in parallel.  

Table 2.2. In vitro culture conditions  

Summary of the in vitro maintenance culture conditions for each cell type used in this 

project, prior to assay setup. All plasticware used in in vitro maintenance culture was tissue 

culture treated. CAFs, Cancer-associated fibroblasts; CD40L, CD40 ligand; FBS, foetal 

bovine serum; PBMCs, peripheral blood mononuclear cells; RPMI, Roswell Park Memorial 

Institute-1640 medium; WT, wild-type. 
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2.3 Processing of primary NSCLC tissue specimens 

2.3.1 Tissue processing and explant generation ex vivo 

Fresh NSCLC tissue specimens were collected from the Department of Cellular 

Pathology within 3 h of surgical resection. Samples were transported in 15 mL 0% 

FBS-containing complete RPMI (4°C). Specimens were weighed (range: 0.09-0.81 g) 

and processed immediately. All tissue processing was performed in the lid of a 60x15 

mm sterile petri dish (Greiner Bio-One). Although alternative “slicing” systems, such as 

the Leica VT1200S vibrating microtome(261) and Krumdieck Tissue Slicer(249), have 

been specifically used to slice lung carcinoma tissue for explant culture in the literature, 

the McIlwain Tissue Chopper (MTC; Campden Instrument Ltd.) has been shown 

capable of producing both slices and cubes (≤ 1mm3 size) of a variety of human or 

animal tissues(262-266) and therefore, was used as the chopping technology to produce 

tissue cubes for explant culture in this study. Approximately 3x3x3 mm and 5x5x5 mm 

pieces of tissue were removed from the centre and margin of the sample by dissection 

for transcriptomic/cell phenotype and histological analysis, respectively (detailed in 

later sections). The remaining tissue was dissected into ~1 mm3 explants using an MTC 

(Fig 2.1). Patient-derived explants were used in ex vivo M polarisation and functional 

assays, culture viability assays, and in the generation of patient-derived CAFs and 

wash cells for phenotyping (described in later sections).  
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Fig 2.1. Generating patient-derived explants 

Experimental workflow of NSCLC tissue sample processing from surgical resection to 

explant culture. ‘Explant culture’ image flipped 180̊; view from bottom of culture plate. 
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2.3.2 Patient-derived cancer-associated fibroblast generation 
and culture   

NSCLC explants (~1 mm3) were grown in 6-well adherent flat-bottom plates (Greiner 

Bio-One) with 10% RPMI and were cultured undisturbed for ~1 month to enable the 

outgrowth of CAFs from the explanted tissue. CAFs were allowed to expand until 80% 

confluent before passaging (protocols described in section 2.3.5). Patient-derived 

CAFs were used up to p6 and were maintained in 10% RPMI prior to assay setup. 

Characterisation of NSCLC patient-derived CAFs (1660; 4939; 5131) was performed 

by measuring protein expression by flow cytometry (vimentin; fibroblast activation 

protein (FAP); pan-cytokeratin (CK)) and microscopic assessment by widefield 

microscopy following immunofluorescent staining (vimentin; desmin; cytokeratin 19; 

alpha smooth muscle actin (SMA)) (relevant protocols described in later sections). 

Commercially-available healthy donor AGFB were used, at matched passage numbers, 

as a reference specimen representing fibroblasts.  

2.3.3 Isolation and phenotyping of cells from NSCLC tissue  

To determine the proportion of different cell types present in tissue explants being 

established in culture, cells were isolated from NSCLC tissue immediately after receipt 

following surgical resection and phenotyped by flow cytometry. Cells were isolated by 

three different methods: 

1) ‘Transport medium’ – Cells that had been released into the medium used to 

transport the research sample to the laboratory following its dissection from the 

main diagnostic sample, at the Department of Cellular Pathology, were 

collected. Samples were stored in transport medium at 4°C, for a maximum of 

3 h, until processed. The transport medium was transferred into a 15 mL falcon 

tube (Greiner Bio-One) and centrifuged at 354 x g for 3 min (Heraeus 

Megafuge 1.0; used for live cell centrifugations from hereon in, unless stated 

otherwise). Cells were resuspended in 10% RPMI for counting. 

2) ‘Wash cells’ – Three 1 mm3 explants, from the centre and margin of the tissue 

sample, were further mechanically dissected into ~300x300x300 m pieces 

using a scalpel. The tissue pieces were washed (3x1 mL) with fresh 10% RPMI 

and the dissociated cells were collected into a 15 mL falcon tube. Cells were 

centrifuged (354 x g for 3 min) and resuspended in 10% RPMI for counting. 

3) ‘Filter cells’ – Approximately 3x3x3 mm sized pieces of tissue, from the centre 

and margin of the specimen, were homogenised through a FalconTM Cell 

Strainer (STARLAB) with 40 m filter using the plunger of a 1 mL syringe 

(Thermo Fisher Scientific). Filters were rinsed with 10% RPMI and cell 



          Chapter 2: Materials and Methods                              

64 
 

suspension collected into a 15 mL falcon tube. Cells were centrifuged (354 x g 

for 3 min) and resuspended in 10% RPMI for counting. 

A combination of the above isolation procedures (‘pooled fractions’) was used in later 

experiments to give a representation of the whole tissue. Isolated cells were prepared 

at 1x106 cells/mL in phosphate-buffered saline (PBS) for flow cytometry. Cell fractions 

were phenotyped for the presence of various cellular (CK; FAP; CD45; CD14), immune 

(CD3; CD14; CD19; CD56), M (CD206; CD64; CD163; CD23; PDL-1; CD200R) and 

MDSC (HLA-DR; CD11b; CD15) populations (flow cytometry protocol and relevant 

antibodies detailed in Section 2.4). 

2.3.4 Isolation, generation, and culture of immune cells 

Isolation of PBMCs by density gradient centrifugation  

Venous blood was collected into K3 vacutainers containing Ethylenediaminetetraacetic 

acid (EDTA) as an anti-coagulation agent (BD Bioscience). PBMCs were isolated from 

whole blood of healthy donors (≤50 mL) or NSCLC patients (10-20 mL) by density 

gradient centrifugation through a Histopaque-1077 (Sigma Aldrich) gradient. Whole 

blood was layered onto Histopaque at approximately a 2:1 ratio (Blood: Histopaque) 

and centrifuged at 838 x g at room temperature (RT; 20°C), for 30 min. Centrifuge 

break was taken off to allow for a gradual decrease in rotation speed towards the end 

of this centrifugation step. Whole blood components were separated into different 

fractions based on their density. Cells of high density, including red blood cells, 

sedimented at the bottom, below the Histopaque layer. PBMCs were isolated from the 

buffy coat, residing at the interface between the Histopaque and the uppermost plasma 

layer. Cells were washed with PBS, and centrifuged two more times. PBMCs were 

washed for a final step in 10% RPMI, prior to resuspension in 10 mL medium for 

counting. Whole PBMCs were cultured in adherent U-bottom 96-well plates (Greiner 

Bio-One) for Atezolizumab toxicity studies or separated into further immune 

populations as required (specific experimental protocols given below). 

Isolation of CD14+ (myeloid) and CD14- cells from whole PBMCs 

Cell isolations were performed in 5 mL sterile non-pyrogenic FACS tubes (BD 

Biosciences) using monocyte enrichment buffer (2% FBS-containing PBS (v/v) with 

1mM EDTA (Sigma Aldrich)). CD14+ (myeloid) cells were separated from fresh or 

cryopreserved PBMCs by negative selection, using the EasySep® Human Monocyte 

Enrichment Kit without CD16 depletion (StemCell Technologies) or positive selection, 

using the EasySep® Human CD14 Positive Selection Kit II (StemCell Technologies), in 

accordance to manufacturer’s instructions. In general, positive selection was used for 
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the majority of experiments in this thesis, as it yielded more cells with greater purity, 

unless stated otherwise in the results (i.e. in preliminary M studies).  

When using the negative selection kit, non-myeloid cells were targeted with tetrameric 

antibody complexes, recognising CD14- cell populations, and magnetic particles. 

Labelled CD14- cells (‘positive fraction’) were separated using an EasySep magnet 

without the use of columns (‘magnet X1’; composed of 3 separation washes on an 

EasySep™ magnet). Non-labelled CD14+ cells were poured off into a 15 mL falcon 

tube (‘negative fraction’). CD14- cells were removed from the magnet and transferred 

into a 15 mL falcon tube. Cells were washed with 2 mL 10% RPMI, and centrifuged 354 

x g for 3 min, before being resuspended in 10% RPMI for counting, prior to 

experiments. 

In the positive selection kit, myeloid cells were directly targeted with tetrameric antibody 

complexes, recognising CD14, and dextran-coated magnetic particles. Labelled CD14+ 

cells (‘positive fraction’) were separated using an EasySep™ magnet without the use of 

columns (‘magnet X1’; composed of 3 separation washes on an EasySep™ magnet). 

Non-labelled, CD14- cells were poured off into a 15 mL falcon tube (‘negative fraction’). 

CD14+ cells were removed from the magnet and transferred into a 15 mL tube. Cells 

were washed with 2 mL 10% RPMI, and centrifuged 354 x g for 3 min, before being 

resuspended in 10% RPMI for counting, prior to experiments. Post selection kit 

optimisation experiments, the negatively selected CD14- PBMCs were stored at -80°C 

until required for T cell functional assays. 

In preliminary experiments optimising the positive selection kit yield and purity, the 

positive (CD14+) and negative (CD14-) PBMC fractions were assessed in the presence 

and absence of further separation washes following initial separation (‘magnet X2’; 

composed of 1 additional separation wash on an EasySep™ magnet on top of the 

recommended 3 washes). Cells were transferred into fresh 15 mL falcon tubes, 

washed with 2 mL 10% RPMI, and centrifuged at 354 x g for 3 min. The proportion of 

various leukocyte populations (CD3+; CD14+; CD19+; CD56+CD14-) present within 

whole PBMCs, as well as in the positive/negative fractions of each CD14 selections kit 

was assessed by flow cytometry (according to protocols described in Section 2.4). The 

effect of positive or negative selection of CD14+ cells on M polarisation was 

additionally assessed by flow cytometry (according to M polarisation and flow 

cytometry protocols, described below). 

M generation and polarisation  

Two methods were explored for generating polarised Ms for in vitro and ex vivo 

assays: 
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1) The THP-1 monocytic cell line was differentiated into Ms through incubation of 

cells (5x106 in 10 mL 10% RPMI) with 150 nM phorbol 12-myristate 13-acetate 

(PMA, Sigma Aldrich) for 24 h, as previously described(89). PMA treatment was 

removed by cell centrifugation (354 x g for 3 min) and resuspension in fresh 

10% RPMI for 24 h to generate unpolarised Ms.  

2) Primary MDMs were generated from CD14+ PBMCs. Following CD14+ isolation 

using the appropriate selection kit (described in the above section), myeloid 

cells were immediately cultured in complete 10% RPMI with or without 

polarising cytokines (detailed below) for 48 h to induce simultaneous monocyte-

to-M differentiation and M1/M2-like M polarisation, unless stated otherwise.  

M1-like Ms were established through 48 h incubation of differentiated THP-1 cells or 

CD14+
 PBMCs with IFN (20 ng/mL(89), PBL Assay Science) and LPS (10 pg/mL(89), 

Sigma Aldrich). In final experiments, M2-like M polarisation was achieved through 48 

h incubation with IL-4 (20 ng/mL(89), PeproTech) IL-13 (PeproTech(89), 20 ng/mL), IL-10 

(10 ng/mL(267), R&D Systems). In optimisation experiments, TGF(1) (10 ng/mL(267), 

PeproTech) and IL-1 (10 ng/mL, PeproTech; according to manufacturer’s 

recommendations) were additionally added to M2-like M cultures. 

Unstimulated/’unpolarised’ media M controls were established by 48 h culture of 

differentiated THP-1 cells or CD14+
 PBMCs in 10% RPMI, without cytokines. In the 

experiments involving GM-CSF pre-treatment, isolated CD14+
 PBMCs were incubated 

with GM-CSF (5 ng/mL, ProSpect-Tany TechnoGene) for 7 days(268). GM-CSF was 

removed following a complete medium change, and cells were cultured for a further 48 

h prior to flow cytometry assessment. Unless stated otherwise, M polarisation 

experiments were performed in adherent U-bottom 96-well plates. When harvesting, 

suspension myeloid cells were transferred to sterile FACS tubes. Wells were incubated 

with 100 L PBS containing 2% FBS (v/v) and 1 mM EDTA for 10 min (37°C), before 

being gently pipetted to detach adherent Ms from the plate. Detached cells were 

added to the corresponding FACS tubes.  

2.3.5 General cell culture methods  

Passage of adherent cells 

Adherent cells (such as tumour cells and fibroblasts) were passaged at 70-80% 

confluency. To passage adherent cells, culture medium was removed, and monolayer 

washed with PBS not containing Ca2+ and Mg2+ (Lonza). Trypsin/EDTA solution 

(Lonza) was added, in sufficient volumes (1-3 mL), to cover the cells and enable 

monolayer dissociation. The proteolytic enzyme, Trypsin, works by cleaving cell-cell, as 

well as cell-matrix, adhesions, resulting in the detachment of cells from the growth 
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surface. The presence of EDTA acts to chelate free Ca2+ and Mg2+ ions, such as those 

present in FBS, which would otherwise inhibit the action of the Trypsin protease. 

Trypsin-treated flasks were incubated at 37°C for 5-10 min to enable complete cell 

detachment, prior to enzymatic neutralisation with FBS-containing RPMI (three times 

Trypsin/EDTA volume). Detached cells were collected and centrifuged at 354 x g for 3 

min. Cell pellet was resuspended in the appropriate complete medium for viable cell 

counting prior to experimental use, or passaging for maintenance. The remaining cells 

were cryopreserved and stored in liquid N2.  

Passage of suspension cells 

Suspension cells, namely THP-1, were cultured in adherent flasks, orientated in an 

upright position (Greiner Bio-One) in 10% RPMI. Half medium changes were performed 

regularly, when necessary, typically upon observation of a red-to-yellow medium colour 

change, indicative of an accumulation of metabolic products which produce an acidic 

environment. Where possible, flasks were topped up to double its existing volume with 

additional fresh medium to avoid inducing cell stress. However, when no additional 

room was available in the culture vessel, cell suspensions were collected into fresh 15 

mL falcon tubes and centrifuged at 354 x g for 3 min. Half of the existing culture 

medium was removed without disturbing the cell pellet and replaced with fresh 10% 

RPMI. Cells were resuspended and transferred to a new adherent flask for culture. 

THP-1 cells were passaged every 3-4 days upon the formation of numerous cell 

clumps, indicative of proliferation. Cells were commonly split at a 1:10 ratio (removing 9 

parts cell suspension and adding 9 parts fresh 10% RPMI). PBMCs were used 

immediately in assays after thawing so cell passaging was not required. 

Cryopreservation, storage, and recovery 

Cells were counted before being centrifuged at 354 x g for 3 min. Cell pellets were 

resuspended in freezing medium (63% complete RPMI, 27% FBS, 10% dimethyl 

sulphoxide (DMSO, Sigma Aldrich), v/v) at 1-3x107 cells/mL for PBMCs or 1-5x106 

cells/mL for cell lines or other primary cells. The addition of DMSO reduces cell lysis 

through the formation of large ice crystals over the course of a slow freezing process. 

Freezing medium was prepared fresh and maintained at 4°C until use. Cell 

suspensions were transferred into pre-chilled (4°C) cryogenic vials (‘CryoPure’, 

Sarstedt), then placed into pre-cooled (-80°C) CoolCell alcohol-free cell freezing 

containers (Biocision). These containers ensure controlled cooling at -1°C/min when 

stored at -80°C. Cryovials were transferred to vapour phase liquid nitrogen (-180°C) for 

long-term storage within 2-3 days of freezing. 
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Frozen vials of cells were thawed at 37°C to recover cryopreserved cells. Thawed cell 

suspensions were immediately washed with 10 mL pre-warmed (37°C) complete RPMI 

to dilute the DMSO which, once thawed, is toxic to cells. Cells were thawed in a 

stepwise manner: 500 L RPMI was added to the cryovial before 500 L of cell 

suspension was added, dropwise, to a 15 mL falcon tube containing 10 mL RPMI. 

Dropwise dilutions were repeated a further three times, before the remaining contents 

of the cryovial were added to the medium. Thawed cell suspensions were centrifuged 

at 354 x g for 3 min, supernatant discarded, and cell pellet resuspended in fresh 10% 

RPMI for counting. In general, a recovery of >70% viable cells was achieved. 

Evaluation of cell number and viability before plating 

Prior to plating cells for an experiment, cell suspensions were counted manually using 

a Neubauer haemocytometer, using a trypan blue exclusion assay, to enable seeding 

at an appropriate density. Trypan blue is a membrane-impermeable azo dye so can 

only penetrate dead cells whose cell membrane is not intact; viable cells remain 

unstained. Cell suspensions were diluted 1/10 in 0.1% trypan blue (Thermo Fisher 

Scientific, v/v in reverse osmosis (RO) H2O) and 10 L of the stained suspension was 

counted in a complete quadrant of known volume. Only the live (unstained) cells were 

included in cell counts. The number of viable cells present in the initial cell suspension 

was calculated using the following formula: 

Mean number of cells per quadrant x Dilution factor x 104 = Number of cells/mL 

2.4 Flow cytometry analyses 

Cell staining was performed in FACS tubes. Flow cytometry was performed using a 

FACSVerse flow cytometer with 3-laser, 8-colour configuration, operated by FACSuite 

v1.2.1 software (BD Biosciences). Data were analysed using FACS-DIVA software 

v6.1.2 (BD Biosciences). Marker expression is given as either: 

1) Mean fluorescence intensity (MFI) for each antibody-labelled sample after 

subtraction of MFI measured in the corresponding unstained control (denoted as delta 

()MFI throughout this thesis). 

2) Percentage/proportion of cells expressing the marker within the live parent 

population. 

Due to the high plasticity of the myeloid cell phenotype, different myeloid cell subsets 

are often observed to either highly express a phenotyping marker (high positive), or 

exist as a spread of data points between the low positive and/or negative marker 

expression region. Subsequently, myeloid cells cannot be defined simply based on a 

positive/negative marker expression divide. As such, when assessing M phenotype 
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throughout this thesis, cells were predominantly defined as markerhi or markerlo 

(incorporating low positive and marker negative cells). CD14+ cells broadly encompass 

all myeloid cells including, but are not limited to, M1-like Ms (CD14 high positive cells), 

M2-like Ms (CD14 low positive cells), monocytes (CD14 low-high positive cells), and 

CD14+ myeloid-derived DCs; myeloid cells do not exist in the CD14- gate. All M 

subsets appeared as discrete CD16+ and CD68+ populations, so high/low nomenclature 

was not required when using these markers. Marker expression on all other non-

myeloid cells was defined as positive (marker+) or negative (marker-) due to the low 

levels of phenotypic plasticity existing for other immune cells, epithelial cells, and 

fibroblasts.  

2.4.1 Antibodies 

Antibodies and fluorescent viability dyes used in flow cytometry experiments are 

summarised in Table 2.3. All antibodies for flow cytometry were reactive against 

human antigens. Optimal antibody test volume/dilution was determined in titration 

experiments (test volume range assessed based on manufacturer’s recommendations). 

Fluorophores were directly conjugated to the primary antibody, unless stated 

otherwise. In all experiments, unstained cells were used as a negative control, and 

fluorescence minus one (FMO) controls were used to identify and remove spectral 

overlap from quadrant gating analyses. Isotype controls were used in specific cell 

phenotyping protocols, e.g. when staining for CK since high background staining was 

observed with this antibody. Additionally, when using fluorophore-conjugated 

secondary antibodies, secondary antibody only controls, without the addition of the 

primary antibody, were used to remove background fluorescence signal as a result of 

non-specific secondary antibody binding.  
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Antigen/ 
Antibody 

Fluorophore 
Species 
of origin 

Clone Supplier 
Surface/ 

Intracellular 
stain 

Test volume/ 
dilution 

Primary antibodies 

CD14 
APC-eFluor 

780 
Mouse 61D3 eBioscience Surface 1.5 L/tube 

CD14 PE-Cy7 Mouse 63D3 BioLegend Surface 1.5 L/tube 

CD80 PE Mouse 2D10-4 eBioscience Surface 1.5 L/tube 

CD163 APC Mouse GHI/61 eBioscience Surface 1.5 L/tube 

CD206 BV421 Mouse 19.2 BD Horizon Surface 1.5 L/tube 

HLA-DR PE-Cy7 Mouse L243 eBioscience Surface 1.5 L/tube 

HLA-DR APC Mouse LN3 eBioscience Surface 1.5 L/tube 

CD23 FITC Mouse EBVCS2 eBioscience Surface 1.5 L/tube 

CD64 PerCp-Cy5.5 Mouse 10.1 BioLegend Surface 1.5 L/tube 

CD200R PE Mouse OX108 eBioscience Surface 1.5 L/tube 

PDL-1 BV510 Mouse 29E.2A3 BioLegend Surface 1.5 L/tube 

IL-1 PE Mouse CRM56 eBioscience Intracellular 1.5 L/tube 

TNF APC Mouse MAb11 eBioscience Intracellular 1.5 L/tube 

IFN FITC Mouse 4S.B3 eBioscience Intracellular 1.5 L/tube 

IFN PE Mouse 4S.B3 eBioscience Intracellular 1.5 L/tube 

CD3 PE-Cy7 Mouse UCHT1 eBioscience Surface 1.5 L/tube 

CD3 APC Mouse HIT3a BioLegend Surface 1.5 L/tube 

CD4 BV421 Mouse RPA-T4 BioLegend Surface 1.5 L/tube 

CD8 PerCP-Cy5.5 Mouse RPA-T8 eBioscience Surface 1.5 L/tube 

CD56 FITC Mouse TULY56 eBioscience Surface 1.5 L/tube 

CD19 PerCP-Cy5.5 Mouse SJ25C1 eBioscience Surface 1.5 L/tube 

CD16 FITC Mouse CB16 eBioscience Surface 1.5 L/tube 

CD68 PE Mouse Y1/82A BioLegend Intracellular 1.5 L/tube 

CD11b BV510 Mouse ICRF44 BioLegend Surface 1.5 L/tube 

CD15 FITC Mouse HI98 eBioscience Surface 1.5 L/tube 

Vimentin APC Rat 280618 
R&D 

Systems 
Intracellular 1.5 L/tube 

FAP APC Mouse 427819 
R&D 

Systems 
Surface 1.5 L/tube 

Pan-
cytokeratin 

(CK)  

FITC 
(IgG1(k)*) 

Mouse CK3-6H5 
Miltenyi 
Biotec 

Intracellular 6.0 L/tube 

CD45 BV421 Mouse 2D1 BioLegend Surface 1.5 L/tube 

CD54 PerCp-Cy5.5 Mouse HA58 BioLegend Total 1.5 L/tube 

B2M APC Mouse A17082A BioLegend Total 1.5 L/tube 

TRIM21 
Unconjugated

** 
Goat Polyclonal eBioscience Total 2.0 L/tube 

RANK PE Mouse 9A725 eBioscience Total 1.0 L/tube 

AQP9 
Unconjugated 

***/**** Rabbit Polyclonal Biorbyt Total 0.5 L/tube 

CD141 BV410 Mouse M80 BioLegend Total 1.5 L/tube 

AQP3 
Unconjugated

*** 
Rabbit Polyclonal Abcam Total 0.5 L/tube 

Table 2.3. Flow cytometry antibodies and stains 

Details of the primary, isotype, and secondary antibodies, as well the fluorescent viability dyes, 

used in flow cytometry analysis in this thesis. Asterixis (*/**/***/****) relate to products used 

together in the same staining protocol. Cells were stained with antibodies according to surface 

and intracellular staining protocols, described in Sections 2.4.3, 2.4.4, and 2.4.5. Total protein 

staining includes the use of both surface and intracellular staining protocols. 
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AQP7 
Unconjugated

*** 
Rabbit Polyclonal Biorbyt Total 0.5 L/tube 

CD154  PE Mouse 24-31 BioLegend Surface 1.5 L/tube 

Isotype control antibodies 
Isotype controls were used, where indicated, in specific protocols. Where isotype controls were not used, 

unstained and fluorescence minus one (FMO) stained cells were used instead.  

IgG1(k)* FITC Mouse P3.6.2.8.1 eBioscience Intracellular 
Matched to 

test antibody 
concentration 

Secondary antibodies 

Anti-Goat** 
Alexa Fluor 

488 
Donkey Polyclonal eBioscience N/A 1/1500 

Anti-Rabbit 
*** 

Alexa Fluor 
488 

Goat Polyclonal Abcam N/A 1/500 

Anti-Rabbit 
**** BV510 Donkey Poly4064 BioLegend N/A 1/500 

Fluorescent viability dyes 

Fixable 
viability dye 

eFluor 780 
(~APC-Cy7) 

N/A N/A eBioscience 

Performed 
before 

surface/ 
Intracellular 

staining 

1/1000 

 

2.4.2 General gating strategy 

The forward scatter (FSC) and side scatter (SSC) voltages were adjusted based on the 

size and granularity of the cells being analysed, respectively. PBMCs contained 

different immune populations of varying size and granularity but in general, immune 

cells were smaller than tumour cells and fibroblasts (cell lines and primary cells). Prior 

to analysis of cell populations expressing the markers of interest, cells were included or 

excluded from analysis based on the following gating strategy. Firstly, debris and 

doublet cells were excluded from analysis based on FSC area (-A) and height (-H) 

assessment (Fig. 2.2). Single cells have an area proportional to their height, whereas 

doublet cells occupy double the area to height, and so these larger cells, appearing off 

the diagonal of the gated single cell population, were excluded from analysis. Next, the 

appropriate populations for study were gated based on their granularity under the 

following parameters: x-axis set to FSC-A and y-axis set to SSC-A (Fig. 2.2). When 

analysing one cell type in culture, for example CD14+ PBMCs, AGFB, or patient-

derived CAFs, this gate encompasses the majority of the population. However, when 

analysing different PBMC populations, or a particular cell type following co-culture, this 

gate helps select for the appropriate cell population for analysis. For consistency, this 

gate was used in the analysis of all cell types described in this thesis. Finally, in the 

majority of experiments, cells were stained with Fixable viability dye eFluor 780 

(eBioscience, Thermo Fisher Scientific) to eliminate the dead (stain positive) cells, 

potentially contributing to non-specific antibody staining, from analysis (Fig. 2.2). Cells 

present in the final live cell inclusion gates were then analysed for the specific markers 
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of interest (details given below for specific experiments). Representative gating 

strategies used for individual experiments are shown within the appropriate results 

chapters.  

 

 

Figure 2.2 General gating strategy for flow cytometry analysis  

Representative gating strategy and associated dot plots for the flow cytometry analysis of 

patient-derived (‘primary’) cancer-associated fibroblasts (CAFs), CD14+ PBMCs, and T cells 

harvested from co-cultures. A) Doublet cells were excluded in the first dot plot, with the x-

axis set to FSC area (-A), and the y-axis set to FSC height (-H). As such, the cell debris, 

accumulated on the extreme left of the x-axis, was also excluded using the same strategy. 

B) Single cells were next gated based on their size and granularity by setting the dot plot x-

axis to FSC-A, and the y-axis to SSC-A. This gate further excluded cell debris (shown in 

red). C) A fixable viability dye (Thermo Fisher Scientific) was next used to exclude dead 

cells, which would contribute to non-specific positive staining, from further analysis. The 

viability dye is a membrane impermeable stain which works by binding intracellular amines in 

dead cells, which have their membrane integrity compromised. Live cells were subsequently 

gated for analysis based on exhibiting low levels of viability dye staining (y-axis). Cells 

present in the final live cell inclusion gates were then analysed, as required, for the specific 

markers of interest. 
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2.4.3 Labelling of cell surface antigens with fluorophore-
conjugated antibodies 

All staining was performed in the dark to preserve fluorescence and prevent 

photobleaching. Cells were harvested from culture and washed with PBS. All washes 

were performed by adding 2 mL PBS to each tube and centrifuging samples at 354 x g 

for 3 min. In most (post-preliminary) experiments, cells were stained with fixable 

viability dye eFluor 780 (1/1000 in 100 L) at 4°C for 30 min. Cells were then washed 

and supernatants were discarded to remove excess dye. Non-specific binding of 

antibodies to Fc receptors on harvested cells was blocked using 5 L of 2.5% mouse 

serum (Sigma Aldrich) in PBS (v/v), in the residual tube volume, at RT for 15 min. Cells 

were stained with the indicated volumes of fluorophore-conjugated primary antibodies 

(Table 2.3; determined by titration), in the residual blocking volume at 4°C for 40 min. 

Stained cells underwent 2x2 mL PBS washes to remove unbound antibodies. Cell 

pellets were resuspended in 100-200 L PBS containing 2% FBS (v/v) and 1 mM 

EDTA for analysis. 

2.4.4 Intracellular immunostaining   

Similarly, intracellular staining was performed in the dark to preserve fluorescence and 

prevent photobleaching. Following immunostaining of surface antigens (described in 

the above section and Table 2.3), cells were incubated with 100 L Fixation Buffer 

(eBioscience, Thermo Fisher Scientific) at RT for 15 min. Cells were washed, as 

described above, before the addition of 100 L 1X permeabilization buffer 

(eBioscience, Thermo Fisher Scientific) containing 2.5% mouse serum (v/v) at RT. 

After 15 min, cells were stained with the indicated volumes of either fluorophore-

conjugated, or unconjugated, primary antibodies (Table 2.3; determined by titration; 

details given below for specific experiments) at RT for 40 min. Stained cells underwent 

2x2 mL PBS washes to remove unbound antibodies. Where necessary, cells were 

stained with appropriate fluorophore-conjugated secondary antibodies (Table 2.3), 

diluted, according to manufacturer’s recommendations, in PBS containing 2.5% mouse 

serum (v/v), for 1 h at RT. Stained cells underwent 2x2 mL PBS washes to remove 

unbound antibodies. Cell pellets were resuspended in 100-200 L PBS containing 2% 

FBS (v/v) and 1 mM EDTA for analysis. 

2.4.5 Intracellular cytokine staining  

In M cytokine production assays, M co-cultures were stimulated with LPS for 1 h (as 

described in later sections), prior to intracellular cytokine staining (ICCS). After LPS 

stimulation at 37°C, 1 L/mL Golgi Plug (GP; BD Biosciences) and 0.7 L/mL Golgi 
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Stop (GS; BD Biosciences) were added, followed by 4 h further incubation at 37°C. In T 

cell functional assays, T cell co-cultures were re-stimulated with a viral peptide (VP) 

pool (as described in later sections), prior to ICCS. One hour after VP re-stimulation at 

37°C, 1 L/mL GP and 0.7 L/mL GS were added, followed by 13 h further incubation 

at 37°C. GP and GS contain Brefeldin A and Monensin, respectively, both of which 

block intracellular protein transport processes. This results in the accumulation of 

cytokines and other granules in the Golgi apparatus by these reagents(269, 270). This 

retention and accumulation of proteins enables improved cytokine measurements by 

flow cytometry, through the detection of increased antibody staining signal(271). The 

appropriate incubation time was selected based on the optimal time required to detect 

the cytokines of interest, whilst also limiting cellular toxicity. Previous experiments in 

the laboratory demonstrated that the combined use of these two reagents generates an 

optimal, and increased, sensitivity of the ICCS assay. Cells were washed with cold 

PBS to terminate Golgi blocking. In general, cultures were harvested and stained 

according to the surface and intracellular immunostaining protocols, described above. 

All staining was performed in the dark to preserve fluorescence and prevent 

photobleaching. 

2.4.6 Staining cells with Carboxyfluorescein Diacetate 
Succinimidyl Ester (CFSE) 

Carboxyfluorescein Diacetate Succinimidyl Ester (CFSE) is widely used in proliferation 

studies for the tracking of cell divisions. CFSE, unlike most viability dyes, is membrane 

permeable and once inside the cell, is acted upon by intracellular esterases which 

directly cleave exposed acetate groups, resulting in the release of fluorescent 

carboxyfluorescein molecules. Once intracellular, the CFSE dye becomes membrane 

impermeable through covalently binding to intracellular proteins via its succinimidyl 

ester group(272, 273). The stable incorporation of CFSE into cells allows for the monitoring 

of sequential cell divisions, per single cell, as well the tracking of whole cell 

populations, due to its universal cellular staining. In this thesis, CFSE was used in T 

cell functional optimisation assays, as an experimental endpoint (methods detailed in 

later sections), to stain VP-pulsed PBMCs which were added as APCs. Cells were 

stained prior to addition to existing T cell cultures in order to later eliminate them from 

6-day T cell analysis.  

To stain with CFSE, cells were washed with PBS, centrifuged at 354 x g for 3 min, and 

resuspended at 5-10x106 cells in 1 mL PBS. Cells were incubated with 50 M CFSE for 

10 min at 37°C, in a water bath, in the dark. Cells were washed with 10 mL PBS and 

resuspended in cold 10% RPMI. Cells were rested for 30 min at 4°C, in the dark before 

being centrifuged at 354 x g for 3 min. The cell pellet was resuspended in 10% RPMI 
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for counting, before being used in experiments as desired. CFSE-stained cells were 

analysed by flow cytometry at a fluorescence excitation and emission wavelength of 

491 nm and 518 nm, respectively. 

2.4.7 LEGENDplexTM bead-based immunoassay 

Supernatants were collected from explant-conditioned immune cell co-cultures after 48 

h or 6-days for M polarisation and T cell functional assays, respectively. Supernatants 

were centrifuged at 354 x g for 5 min to pellet cell debris and stored at -20°C until use. 

Supernatants were thawed on ice and a Human Macrophage/Microglia LEGENDplexTM 

fluorescence bead-based immunoassay was used to probe and quantify the levels of 

13 soluble factors (IL-12p70; IL-12p40; TNF; IL-6; IL-1; IL-23; IFN; CXCL10; IL-4; 

IL-10; arginase; CCL17; IL-1R antagonist, IL-1RA) present following co-culture. 

LEGENDplexTM systems enable the fluorescence labelling and detection of targets in 

culture supernatants by flow cytometry. LEGENDplexTM bead-based arrays use two 

sets of beads for factor detection, each set with a unique size which can be 

differentiated based on their FSC and SSC profiles (Fig 2.3). Each bead set, A and B, 

can be further resolved into individual bead populations based on their differential 

internal fluorescent intensity of APC. The smaller beads, A, consist of six bead 

populations with differing amounts of APC signal, relating to six individual factors (Fig 

2.3). The larger beads, B, consist of seven bead populations with differing levels of 

APC signal, relating to seven individual factors (Fig 2.3). Separately, the amount of 

fluorescent PE signal on each bead can be quantified, and is relative to the amount of 

each factor present in culture supernatants. Heatmaps relating to the MFI data were 

generated manually in Microsoft Excel. The concentration (pg/mL) of each soluble 

factor present in culture supernatants was determined by comparing the PE MFI for 

each bead population against 13 individual protein standards. Data were analysed 

using LEGENDplexTM data analysis software. 
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Figure 2.3 LEGENDplexTM bead array gating and analysis  

LEGENDplexTM systems (BioLegend) enable the fluorescence labelling and simultaneous detection of thirteen soluble factors present in culture supernatants by flow 

cytometry. The bead-based arrays obtained from BioLegend use two sets of beads for target detection, each set with a unique size which can be differentiated based 

on their FSC and SSC area (-A) profiles (x- and y-axis of central dot plot, respectively). Each bead set, A and B, can be further resolved into thirteen individual bead 

populations based on their differential internal fluorescent intensity of APC. Beads A are smaller in size, exhibiting a lower FSC/SSC(-A) profile (shown in the central 

dot plot). Bead size A consist of six bead populations with differing amounts of APC signal, relating to six individual factors (demonstrated by the dot plot on the left 

hand side). Beads B are larger in size and subsequently exhibit a higher FSC/SSC(-A) profile (shown in the central dot plot). Bead size B consist of seven bead 

populations with differing levels of APC signal, relating to seven individual factors (demonstrated by the dot plot on the right hand side). Finally, the amount of fluorescent 

PE signal detected on each bead can be quantified, and is relative to the amount of each soluble factor present in culture supernatants. 
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2.5 In vitro and ex vivo cell culture assays 

2.5.1 M polarisation assays 

M polarisation, in the presence and absence of NSCLC tumour components, was 

assessed by measuring M marker expression (CD14; CD16; CD68; CD80; HLA-DR; 

CD206; CD64; CD163; CD23; PDL-1; CD200R) by flow cytometry, as described above. 

NSCLC spheroid and explant-mediated M polarisation workflows are shown in Fig 

2.4. CD14+ PBMCs (1x105) from healthy donors and NSCLC patients were antibody 

stained and analysed by flow cytometry prior to culture with spheroids, to determine the 

baseline (T=0) myeloid phenotype. The total (surface and intracellular) expression of 

novel M markers (CD54; B2M; TRIM21; RANK; AQP3/7/9; CD141) in M1/M2/Media 

control M subsets was also assessed at the protein level using flow cytometry. Unless 

stated otherwise in the results, viable myeloid cells were gated for flow cytometry 

analyses based on positive CD14 staining and negative Fixable Viability Dye eFluor 

780 staining. 

 

 

Figure 2.4 Experimental workflows for tumour-mediated M polarisation assays 

M1-polarising cytokines included IFN (20 ng/mL, PBL Assay Science) and LPS (10 pg/mL, 

Sigma Aldrich). In final experiments, post-optimisation, M2-polarising cytokines included IL-4 

(20 ng/mL, PeproTech), IL-13 (PeproTech, 20 ng/mL), and IL-10 (10 ng/mL, R&D Systems). 

Unpolarised media control macrophages (M) were established through incubation of CD14+ 

peripheral blood mononuclear cells (PBMCs) with medium only, without cytokines. 
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In vitro NSCLC spheroid-mediated M polarisation  

To monitor tumour-mediated M polarisation in vitro, CD14+ PBMCs (4x104) were 

added to 1x104 cell homotypic and heterotypic spheroid cultures (H522, AGFB, and 

H522/AGFB; 4:1 ratio of tumour cells: fibroblasts) and incubated for 48 h in 10% RPMI, 

alongside corresponding M1/M2/media M controls (established as described above, 

by the addition of specific cytokines, or medium only, to the cultures). Cultures were 

harvested and myeloid cells filtered through a Pluriselect 30 m cell strainer 

(STARLAB) to remove spheroids, and obtain a single myeloid cell suspension, prior to 

flow cytometry analysis. All polarisation experiments using spheroids were performed 

in 96-well U-bottom plates with cell-repellent surface, to preserve spheroid architecture. 

Morphological assessment of multi-component spheroid cultures was performed by 

brightfield microscopy.  

Cell-cell contact vs. spheroid-conditioned supernatant  

This thesis assessed whether spheroid-mediated M skewing was predominantly 

driven by cell-cell contact (myeloid-spheroid), or the secretion of soluble factors by 

tumour and/or stromal cells. Homotypic and heterotypic spheroids were generated, as 

described above, for 48 h. Cultures were centrifuged at 353 x g for 5 min to pellet cell 

debris. 180 L supernatant was removed from the spheroid cultures and transferred to 

fresh wells of a 96-well U-bottom plate with cell-repellent surface. CD14+
 PBMCs were 

added to supernatants in fresh 10% RPMI to make 200 L total volume per well, giving 

80% spheroid-conditioned supernatant cultures. To generate spheroid cell contact 

controls as a comparison, 180 L fresh 10% RPMI was added to existing homotypic 

and heterotypic NSCLC spheroid cultures. Cultures were incubated for 48 h to enable 

M polarisation, prior to flow cytometry assessment. M1-like, M2-like, and unstimulated 

media controls were established in parallel (as described above).  

Ex vivo NSCLC explant-mediated M polarisation  

All explant-mediated M polarisation experiments were performed in 48-well flat-bottom 

plates with cell-repellent surface. CD14+ PBMCs (1x105) were incubated with NSCLC 

explants (~1 mm3, 5 explants/well) for 48 h in 1% (v/v) FBS-containing complete RPMI 

or Dulbecco’s Modified Eagle’s Medium (DMEM; 4.5 g/L glucose, Gibco, Thermo 

Fisher Scientific) supplemented with 1 mM sodium pyruvate, 25 mM HEPES buffer, 

100 U/mL penicillin, 100 g/mL streptomycin, and 2 mM L-glutamine). Supernatants 

were collected following 48 h culture, and processed for LEGENDplexTM bead array 

analysis (Section 2.4.7). Cultures were harvested and myeloid cells filtered through a 

Pluriselect 30 m cell strainer to remove explants, and obtain a single myeloid cell 



          Chapter 2: Materials and Methods                              

79 
 

suspension, prior to flow cytometry analysis. M1-like, M2-like, and unstimulated media 

controls were established in parallel (as described above). The in situ TAM phenotype 

was explored through establishing explant only wells.  

2.5.2 Measuring cytokine production from Ms 

Healthy donor CD14+ PBMCs (4x104) were cultured for 48 h with or without heterotypic 

NSCLC spheroids or polarising cytokines to generate TCMs or myeloid cell controls, 

respectively. Myeloid cell controls were generated using the following cytokines (at 

concentrations described in Section 2.3.4): 

• M1-like (CD206loCD64hi) Ms – LPS and IFN 

• M2-like (CD206hiCD64lo) Ms – IL-4, IL-10, and IL-13. 

• Unpolarised myeloid cells (MU-like; CD206loCD64lo) – Medium only, no 

cytokines. 

• Transitional myeloid cells (MT-like; CD206hiCD64hi) – LPS, IFN IL-4, IL-10, 

and IL-13. 

Intermediate MU- and MT-like myeloid cell populations were identified and generated in 

order to monitor the plasticity of the TAM and TCM phenotype, and to define M 

subsets other than the classic M1- and M2-like state. 

Cultures were stimulated with or without 500 ng/mL LPS (optimal LPS concentration 

determined by titration) for 1 h before being incubated with GP/GS, as described in 

Section 2.4.5. Myeloid cell cultures were harvested and ICCS analysis of TNF, IL-1, 

and IFN was performed by flow cytometry. Viable myeloid cells were gated for flow 

cytometry analyses based on positive CD14 staining and negative Fixable Viability Dye 

eFluor 780 staining. 

2.5.3 T cell functional assays 

To evaluate the immunosuppressive effects of tumour spheroid- and explant-

conditioned Ms on T cell function, VP-stimulated CD14- PBMCs (‘T cells’) were 

cultured with autologous TCMs, or control Ms, from either healthy donors or NSCLC 

patients (experimental workflows denoted in Fig. 2.5). Pro-inflammatory cytokine 

production (IFN and TNF), from CD3+CD4+ and CD3+CD8+ T cells, were measured 

by flow cytometry. All T cell functional experiments were performed in adherent U-

bottom 96-well plates. 
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Figure 2.5 Experimental workflows for assessing tumour-conditioned M-mediated suppression of T cell functions 

IFN, interferon gamma; M, macrophage; PBMCs, peripheral blood mononuclear cells; TNF, tumour necrosis factor alpha. 
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Viral peptide-based stimulation of T cells 

T cell functional assays were optimised using M1-like, M2-like, and unstimulated media 

control Ms, which were polarised for 24 h. In later experiments, healthy donor or 

patient-derived CD14+ PBMCs (1x104) were co-cultured with heterotypic (H522/AGFB) 

and homotypic spheroids (H522; AGFB), or tumour explants (1/well), respectively, for 

48 h. Spheroids and explants were generated as previously described (Section 2.2). 

M1/M2/Media M controls (48 h) were established in parallel in all tumour 

spheroid/explant conditioning experiments (as described above).  

To distinguish between tumour-mediated and TCM-mediated modulation of pro-

inflammatory T cell functions, explant only wells, without the addition of exogenous 

CD14+ PBMCs, were established in all patient-based T cell functional assays. When 

assessing effector T cell functions using the in vitro NSCLC spheroid model, 

heterotypic spheroids were cultured alone with T cells, or removed from TCM cultures 

prior to the addition of T cells, to further distinguish tumour- and TCM-specific 

functional effects. Spheroids were separated from M cultures using the end of a sterile 

p200 pipette tip (StarLab), syphoned off, and discarded.  

Following 24-48 h M polarisation, conditioned medium was removed from each well, 

and M cultures loaded with a pool of 9-mer viral/recall peptides (and short 

immunogenic bacterial peptides; Tetanus toxoid) (5 g/mL) for 1 h. In brief, twenty-four 

peptides were synthesised by Severn Biotech Ltd. at ≥85% purity, and were dissolved 

in DMSO to generate 10 mg/mL stock solutions. A VP pool (with bacterial ‘adjuvant’; 10 

mg/mL working concentration) was prepared by combining all peptides in equal 

amounts (417 mg/mL per peptide). Peptides were derived from antigens of EBV, 

human Cytomegalovirus (HCMV), Influenza A, and Tetanus toxoid with a wide variety 

of HLA restrictions. Epitopes of common HLA alleles from viral/bacterial antigens were 

selected from the Immune Epitope Database(274) (IEDB; http://tools.iedb.org), or epitope 

sequences were predicted using the MHCI and MHCII binding prediction tools (peptide 

epitope sequences shown in Table 2.4). DMSO, diluted the same as for the peptides, 

was added as a peptide vehicle control.  

Cryopreserved autologous CD14- PBMCs were thawed and added (1x105 cells/well) in 

fresh 10% RPMI to TCM cultures. T cells only controls were established in parallel. VP-

stimulated T cell co-cultures were supplemented with 1000 U/mL IFN (R&D Systems) 

and 20 ng/mL IL-1 (PeproTech) and cultured for 6 days (adapted from previous 

protocols published by us(275) and by other groups(276)). Changes to previous protocols 

included the omission of TNF, IL-6, IL-2, and IL-7 from 6-day culture, the omission of 

VP-pulsed BLCLs for re-stimulation, the use of 9-mer rather than 15-mer peptides, and 

http://tools.iedb.org/


          Chapter 2: Materials and Methods                              

82 
 

the use of both GP and GS prior to ICCS. Comparative analyses of these different 

experimental setups, by myself and other members of the lab, showed that changing 

these parameters did not significantly affect the outputs of the T cell suppression 

assay.  

Culture medium was removed and discarded following 6 day T cell co-culture, with the 

exception of autologous patient-derived explant cultures from which supernatants were 

collected and processed for LEGENDplexTM bead array analysis (Section 2.4.7). 

Cultures were re-stimulated with VPs (5 g/mL) in fresh 10% RPMI for 1 h at 37°C. 

Cells were incubated with GP/GS (Section 2.4.5). Cultures were harvested and T cells 

processed for surface staining (CD3 CD4; CD8) and ICCS (IFN; TNF) by flow 

cytometry (as in Section 2.4). Viable T cells were gated based on positive CD3 staining 

and negative Fixable Viability Dye eFluor 780 staining. 

Table 2.4. HLA-restricted VPs used in T cell functional assays 

The epitope sequence, alongside the source and reference, for each HLA-restricted peptide 

used in this thesis is shown. Twenty four peptides were custom synthesised (>85% purity) to 

prepare a VP pool (with bacterial ‘adjuvant’; TT) for use in T cell functional experiments. The 

Immune Epitope Database(274) (IEDB; http://tools.iedb.org) was used to predict epitope 

sequences for the most common HLA (MHCI and MHCII) alleles from viral/bacterial antigens. 

Epstein-Barr virus, EBV; Human Cytomegalovirus, HCMV; Tetanus toxoid, TT. 
 

HLA restriction 
Peptide epitope 

sequence 
Antigen source & reference 

A*01:01 CTELKLSDY Influenza A (PR8) NP 44-52 

A*01:01 VSDGGPNLY Influenza A PB1 591-599 

A*02:01 GILGFVFTL Influenza A MP 58-66 

A*02:01 NLVPMVATV HCMV pp65 495-504 

A*02:01 FLYALALLL EBV LMP-2 356-364 

A*03:01 ILRGSVAHK Influenza A (PR8) NP 265-274 

A*03:01 RLRAEAQVK EBV EBNA 3A 603–611 

A*11:01 ATIGTAMYK EBV BRLF1 134-142 

A*33; A*50 LQHYREVAAAK EBV BZLF1 197-208 

B*07:02 QPEWFRNVL Influenza A PB1 329-337 

B*07:02 QPRAPIRPI EBV EBNA-3C 881-889 

B*07:02 TPRVTGGGAM HCMV pp65 418-427 

B*08:01 RAKFKQLL EBV BZLF1 190-197 

B*08:01 QAKWRLQTL EBV EBNA-3A 158-166 

B44 EFFWDANDIY HCMV pp65 512-521 

B*44:05 EENLLDFVRF EBV EBNA 3C 281-290 

DRB1*01:01 TSLYNLRRGTALA EBV EBNA1 15-527 

DRB1*07:01 EPDVYYTSAFVFPTK HCMV pp65 177-191 

DRB1*15:01 MSIYVYALPLKMLNI HCMV pp65 109-123 

DRB1*04:01 AEGLRALLARSHVER EBV EBNA1 482-496 

DRB1*01:01 PKYVKQNTLKLAT Influenza A HA1 307-319 

DRB1*07:01 PDDYSNTHSTRYVTV HCMV gB 215-229 

DRB1*11:01 VSIDKFRIFCKALNPK TT 1084-1099 

MULTIPLE AAFEDLRVLSFIKGTK Influenza A NP 336-351 

 

 

http://tools.iedb.org/
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Viral peptide re-stimulation using whole PBMCs 

In initial optimisation experiments of the VP-based T cell functional assay, cultures 

were re-stimulated after 6 days with either VP alone (added directly to cultures), or 

PBMCs which had been pulsed with VP for 1 h, prior to their addition to T cell co-

cultures. As described above, myeloid cell cultures were loaded with VPs for 1 h, prior 

to the addition of T cells (CD14- PBMCs), at the beginning of T cell functional assays. 

However, since 6-day stimulated co-cultures consisted of APCs and T cells, the M-

specific presentation of VPs to T cells could not be ensured during the re-stimulation 

step when adding the VPs directly, potentially effecting T cell outputs. Therefore, VP-

pulsed PBMCs were compared to direct VP addition for their ability to promote T cell 

stimulation, and activation of memory T cell responses following 6-day co-culture. 

PBMCs were thawed, counted, and stained with CFSE according to the above protocol 

(Section 2.4.6). Cells were stained with CFSE prior to their addition to existing T cell 

cultures in order to later eliminate them from flow cytometry analyses. This ensured 

only 6-day VP-stimulated T cell outputs were measured. CFSE-stained PBMCs were 

counted and resuspended in fresh 10% RPMI at a concentration of 1x106 cells/mL, 

before being pulsed with VPs (appropriate volume of 10 mg/mL peptide pool stock to 

give 5 g/mL per well final concentration) for 1 h. DMSO, diluted the same as for the 

peptides, was added as a peptide vehicle control. Culture medium was removed from 

wells and co-cultures were re-stimulated with 100 L VP-pulsed PBMCs (1x105 

cells/well; 5 g/mL final concentration), or VPs alone (5 g/mL), for 1 h at 37°C. Cells 

were then incubated with GP/GS (Section 2.4.5). Cultures were harvested and T cells 

processed for flow cytometry analysis, as described in Section 2.4.  

2.5.4 Testing therapeutic agents in vitro and ex vivo 

A panel of nine IMAs were explored for their ability to reprogram M2-like M 

polarisation, enhance sub-optimal pro-inflammatory cytokine production from Ms, and 

alleviate TCM-mediated T cell suppression in this project. IMAs included Tasquinimod, 

Zometa (also known as Zoledronic acid, ZA), PSB0788, BLZ945, MCC950, Ampligen, 

ODN2006, soluble CD40 ligand (sCD40L), and CD40L-over-expressing NIH3T3 mouse 

fibroblasts (NIH3T3 CD40L). 20 ng/mL IFN was used as a positive M1-polarising 

control and NIH3T3 WT cells were used to account for NIH3T3 cell-specific immune-

modifying effects, independent of CD40L expression. NIH3T3 WT and CD40L cells 

were irradiated at 3000 rads (30 Gray, ~13.5 min) at a cell density of 2.5x107 cells/mL 

in 10% RPMI, prior to culture with Ms. Irradiation of NIH3T3 cells was performed to 

limit their proliferation and associated competition with Ms for nutrients and space.  
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Additionally, the PDL-1 ICI, Atezolizumab was assessed for its ability to effectively 

improve explant-mediated immunosuppression, ex vivo (see below for protocols). 

Details of each therapeutic agent (supplier, concentration range tested, final optimised 

working concentrations) are detailed in Table 2.5. Final working concentrations used in 

future experiments were selected based on giving the desirable cellular response and 

limiting toxicity (as in Section 2.6.3). The appropriate diluent controls (DMSO or sterile 

RO H2O; Table 2.5), diluted the same as for the therapeutic agents, were used as 

untreated controls in all IMA/Atezolizumab treatment experiments. In all experiments, 

cells were cultured in 10% RPMI in adherent U-bottom 96-well plates. 

 

Therapeutic 
agent 

Supplier Diluent 
Concentration range 

tested 

Final 
concentration 

used in 
experiments 

Tasquinimod Apex Bio DMSO 0, 1, 5, 10, 50 M 10 M 

Zometa 

Obtained via 
collaborator 

(Matthias 
Elber), UHW 

Sterile H2O 0, 50, 150, 300, 600 nM 300 nM 

PSB0788 
Tocris 

Bioscience 
DMSO 0, 10, 100, 500, 1000 nM 500 nM 

BLZ945 Apex Bio DMSO 0, 1, 10, 50, 100 nM 10 nM 

MCC950 InvivoGen DMSO 0, 100, 500, 1000, 5000 nM 500 nM 

Ampligen 

Obtained via 
collaborator 

(Hossein 
Navabi), 

Velindre NHS 
Trust  

Sterile H2O 0, 0.5, 5, 50, 250 g/mL 250 g/mL 

ODN2006 InvivoGen Sterile H2O 0, 1, 5, 10, 20 g/mL 1 g/mL 

Soluble CD40L Miltenyi Biotec Sterile H2O 0, 10, 100, 1000, 2000 ng/mL 100 ng/mL 

NIH3T3 CD40L 

Obtained via 
collaborator 
(see Section 

2.1.1) 

N/A 
0, 1:100, 1:50, 1:20, 1:10 

(NIH3T3 cell: CD14+ PBMC 
ratio) 

1:75 

Atezolizumab 
Velindre NHS 

Trust pharmacy 
Sterile H2O 0, 1, 5, 25, 125, 625 g/mL 250 g/mL 

 

Phenotypic M reprogramming experiments using IMAs in vitro 

Healthy donor CD14+ PBMCs were incubated with IMAs or IFN (Table 2.5) under four 

different M conditions to determine the ability of these agents to: 

1) Reduce the natural M2-skewing effect of unstimulated Ms (‘baseline effect’). 

2) Prevent M2-like M polarisation. 

Table 2.5. Details of the therapeutic agents included in in vitro and ex vivo 

immunological assays 

CD40L, CD40 ligand; DMSO, dimethyl sulfoxide; NIH3T3 CD40L, CD40 ligand-over-

expressing NIH3T3 mouse fibroblasts cells. 
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3) Prevent M2-like M polarisation following pre-treatment with IMAs or IFN 

4) Reverse M2-like M polarisation. 

Further details of the experimental setup of each phenotypic M reprogramming assay 

is described below. IL-4, IL10, and IL-13 were used, as described in Section 2.3.4, as 

the M2-polarising cytokines in the relevant M2 reprogramming experiments. Under 

each of the four conditions, time-matched, untreated M controls were generated in 

parallel to treatment arms.  

Baseline effect 

4x104 CD14+ PBMCs from healthy donors were incubated with IMAs/IFN for 48 h. No 

polarising cytokines were added to cultures and 48 h media control Ms were used as 

untreated time-matched controls. Myeloid cells were either harvested and processed 

for M phenotyping by flow cytometry (CD14; CD206; CD64; CD23; CD163; PDL-1; 

CD200R), as previously described, or incubated with OranguTM Cell Counting Solution 

to assess culture viability (described further in Section 2.6.3). 

Prevent M2 

4x104 CD14+ PBMCs were incubated with IMAs/IFN and M2-polarising cytokines for 

48 h (simultaneous treatment and polarisation), prior to harvesting and flow cytometry 

analysis, as above. 48 h M2-like Ms were used as untreated time-matched controls. 

This experimental workflow was used when optimising IMA concentration. 

Prevent M2 (pre-treatment) 

4x104 CD14+ PBMCs were incubated with IMAs/IFN for 48 h, prior to the addition of 

M2-polarising cytokines for a further 48 h (delayed polarisation). 96 h myeloid cell 

cultures were harvested, and marker expression analysed by flow cytometry, as above. 

96 h M2-like Ms (cultured without M2 cytokines for the first 48 h) were used as 

untreated time-matched controls.  

Reverse M2 

4x104 CD14+ PBMCs were incubated with M2-polarising cytokines for 48 h, prior to the 

addition of IMAs/IFN for a further 48 h. 96 h myeloid cell cultures were harvested, and 

marker expression analysed by flow cytometry, as above. 96 h M2-like Ms (cultured 

with M2-polarising cytokines for 96 h) were used as untreated time-matched controls. 

This experimental workflow was used when optimising IMA concentration and in 

CD40L blocking experiments. 

The percentage of M1-like Ms (CD206loCD64hi), M2-like Ms (CD206hiCD64lo), 

transitional (MT-like, CD206hiCD64hi) myeloid cells, and unpolarised (MU-like, 

CD206loCD64lo) myeloid cells present in culture following IMA treatment was 
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determined by two-marker flow cytometry analyses. Single marker expression analyses 

were performed in parallel. 

CD40L (CD154) blocking experiments in vitro 

To confirm that the reversion of M2 polarisation induced by irradiated NIH3T3 CD40L 

cells was CD40L-dependent, CD40L blockade of NIH3T3-treated M2-like M cultures 

was investigated, and resultant effect on M polarisation assessed by flow cytometry 

analysis of M subsets (M1/M2/MU/MT). Following 48 h polarisation of CD14+ PBMCs 

into M2-like Ms, according to the above M2 reversion protocol, 50 L medium was 

removed from all cultures and irradiated NIH3T3 CD40L cells were added at a ratio of 

1:75 (NIH3T3 CD40L: CD14+ PBMC ratio) in fresh 10% RPMI. Cultures were treated 

with a CD154 (CD40L) blocking antibody (Mouse IgG1, clone MK13A4, Thermo Fisher 

Scientific) at a range of concentrations (0, 0.05, 0.5, 5, 50 g/mL, according to 

manufacturer’s recommendations) for a further 48 h, to determine the concentration 

required for optimal for CD40L blockade. M2-polarised Ms, in the absence of NIH3T3 

cells, were treated with CD154 blocking antibody to control for direct M polarising 

effects as a result of CD40L blockade. Additionally, an isotype control antibody (Mouse 

IgG1k, clone P3.6.2.8.1, Thermo Fisher Scientific) was used, at the same 

concentration as the blocking antibody, to ensure the CD40L-specificity of the CD154 

blocking antibody (i.e. accounts for M polarisation effects induced by the blocking 

antibody that are not CD40L-mediated). Finally, in later experiments (5 g/mL blocking 

antibody), irradiated NIH3T3 WT cells were used to control for NIH3T3 cell-specific 

polarising effects, independent of CD40L expression.  

The expression of CD40L on NIH3T3 WT and NIH3T3 CD40L cells was monitored 

regularly by flow cytometry, and was determined at T=0 before and after irradiation, 

prior to M culture, according to flow cytometry protocols (Section 2.4). #15 

mesothelioma patient-derived cells were used as an additional CD40L negative 

biological control in baseline CD154 phenotyping experiments.  

Reprogramming M2-mediated suppression of TNF production from 

myeloid cells using immune-modifying agents in vitro 

4x104 healthy donor CD14+ PBMCs were treated with IMAs or IFN (Table 2.5), 

according to the M2 prevention and reversion protocols, described in the above 

sections. Following treatment, myeloid cells were stimulated with 500 ng/mL LPS for 1 

h, prior to the addition of GP (1 g/mL) and GS (0.7 g/mL) reagents for a further 4 h. 

Myeloid cells were harvested and ICCS of TNF performed (as detailed in Section 
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2.4.5). 48 h and 96 h M2-like M controls were used as M2 prevention and reversion 

time-matched untreated M controls, respectively.  

Assessing Atezolizumab and immune-modifying agent efficacy ex vivo 

Tumour explants were co-cultured with patient-derived CD14+ PBMCs (1x104) for 48 h 

in 10% RPMI medium, to generate autologous culture systems. Explant only wells, 

without the addition of exogenous myeloid cells, were established to distinguish 

between tumour-mediated and TCM-mediated modulation of pro-inflammatory T cell 

functions. CD14+ cells were polarised into M1- or M2-like M controls or incubated 

without cytokines to generate unstimulated media controls, as described in previous 

sections. Culture medium was removed, and explant co-cultures treated with ±250 

g/mL Atezolizumab alone, or in combination with IMAs (BLZ945, Tasquinimod, or 

NIH3T3 CD40L cells; Table 2.5) in fresh 10% RPMI. Cultures were immediately loaded 

with 5 g/mL VPs or DMSO for 1 h. CD14- PBMCs were thawed and added to M co-

cultures (1x105) or to medium (untreated T cells Only) and incubated for 6 days. 

Autologous co-cultures were re-stimulated with VPs (5 g/mL) in fresh RPMI for 1 h at 

37°C, and T cells processed for ICCS of IFN and TNF, as described above. 

2.6 Monitoring cell culture viability 

2.6.1 CellTiter-Glo® 3D Cell Viability Assay 

Background 

The CellTiter-Glo® 3D Cell Viability Assay was used to determine the health of 3D 

spheroids and explants over 8-day culture. This assay is optimised for its ‘robust 

penetration into (whole) microtissues’ and relies on the measurement of adenosine 

triphosphate (ATP) metabolism, as an indicator of microtissue ‘health’ and viability. The 

Cell Viability Assay uses CellTiter-Glo® 3D reagent, which simultaneously lyses cells 

contained in 3D cell cultures and converts Luciferin to proportionate luminescence 

signal, via its Ultra-GloTM rLuciferase activity, in the presence of endogenous ATP 

molecules. In general, the greater the signal, the greater the rate of metabolism and 

concentration ([]) of ATP ([ATP]) produced by, and measured in, microtissues. 

Experimental setup and ATP quantification 

H522, AGFB, and H522/AGFB spheroids, as well as NSCLC tissue explants, were 

generated as described in previous sections. Following spheroid formation (1x104 cells, 

48 h) and explant generation (~1 mm3), microtissues (1/well) were cultured in 10% 

RPMI in cell-repellent and adherent U-bottom 96-well plates, respectively, for 0-8 days 

to assess long-term culture viability. On days 0 (‘baseline’), 1, 2, 4, 6, and 8, 

microtissues were transferred to opaque-walled 96-well plates (Greiner Bio-One) in 100 
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L. 100 L CellTiter-Glo® 3D reagent was added to each well and mixed using a 

Titertek® 2 Microplate Shaker (Flow Laboratories; 600 RPM) for 10 mins to induce cell 

lysis. Plates were then incubated at RT for 25 mins to allow the luminescence signal to 

stabilise. Luminescence (relative light units; RLU) was measured using a PHERAstar 

FS Microplate plate reader (BMG Labtech). The [ATP] was determined by comparing 

the luminescence readouts from spheroid and explant cultures against an ATP 

standard (Sigma Aldrich). 

Normalisation of ATP concentration to explant protein content 

It is expected that increasing cell numbers in 3D culture would result in higher 

metabolic outputs and give increasing [ATP] readouts. Unlike with cell spheroids, 

where the initial cell number is known and plated the same, differences in ATP levels in 

explants may be underpinned by differences in the initial cell number, and not ATP 

production from viable cells; i.e. the larger the explant, the higher the baseline tissue 

[ATP]. Therefore, in order to enable accurate viability measurements, luminescence 

and subsequent [ATP] readouts were normalised against explant [protein](277) 

specifically, bovine serum albumin (BSA, Thermo Fisher Scientific; g/mL).  

Preliminary experiments determining the optimal protein assay for measuring BSA 

content in 3D microtissues, were performed using homotypic H522 spheroids (2x102; 

2x103; 2x104; 2x105). The lytic potential of CellTiter-Glo® 3D reagent in releasing BSA 

protein from spheroids was assessed in the presence and absence of 

radioimmunoprecipitation assay (RIPA) buffer using both the traditional Bradford 

protein assay, and the more sensitive micro bicinchoninic acid (BCA) protein assay. 

Spheroids were treated with RIPA buffer alone as a positive protein extraction control. 

In brief, CellTiter-Glo® 3D reagent was added to spheroid cultures and cell lysis 

performed according to the experimental setup protocol, described above. Cultures 

were centrifuged at 354 x g for 5 min to pellet cell debris. The supernatants containing 

the protein were removed and stored on ice for further processing. Spheroids were 

washed with PBS prior to incubation with 100 L RIPA Lysis Buffer System (Santa 

Cruz Biotechnology) for 15 min on ice. The buffer was composed of 200 nM 

phenylmethane sulfonyl fluoride (PMSF), 100 mM sodium orthovanadate, 1X protease 

inhibitor cocktail, and 1X lysis buffer. Lysates were centrifuged at 10,000 x g for 10 

mins (4°C; MSE Sanyo Hawk 15/05 Refrigerated Centrifuge) to pellet insoluble cellular 

material and debris. The protein-containing supernatant was harvested and mixed with 

previous CellTiter-Glo-treated fractions. Spheroids were lysed using only CellTiter-Glo® 

3D reagent or RIPA buffer independently to generate positive reagent controls. Protein 

concentration of cell lysates were determined using the below protein assays.  
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The BCA protein assay was performed using the PierceTM BCA Protein Assay Kit 

(Thermo Fisher Scientific), according to manufacturer’s protocols. A protein 

concentration standard was established by performing a 12-point serial dilution of BSA 

(2000 g/mL). 10 L protein lysate from each sample was diluted in 90 L PBS (1/10 

dilution). BCA reagents (50 L combined volume) were mixed with 40 L diluted 

sample or protein standard, and incubated for 35 mins (37°C). All samples and 

standards were run in technical duplicate. Absorbance values of samples and 

standards were measured at 570 nm using a PHERAstar FS Microplate plate reader. 

The Bradford protein assay was performed using the Protein Assay Dye Reagent 

Concentrate (Bio-Rad Laboratories), according to manufacturer’s protocols. A protein 

concentration standard was established by performing an 8-point serial dilution of BSA 

(2000 g/mL). 1 L protein lysate from each sample was diluted in 19 L sterile RO 

H2O (1/20 dilution). The Protein Assay Dye Reagent Concentrate was diluted 1:3 in 

sterile RO H2O. 250 L diluted Bradford reagent was mixed with 5 L diluted 

sample/protein standard and incubated at RT for 5 min. All samples and standards 

were run in technical duplicate. Absorbance values of samples and standards were 

measured at 570 nm using a PHERAstar FS Microplate plate reader. 

Additionally, the efficiency of protein extraction from whole versus homogenised 

spheroids and explants, using the CellTiter-Glo® 3D reagent, was assessed in this 

project. Microtissues were ‘homogenised’ into a single cell suspension by sonication in 

a water bath, followed by staining through a 40 m filter. Whole or homogenised 

microtissues were transferred to opaque-walled plates, and the CellTiter-Glo® 3D Cell 

Viability Assay performed, as described above. From here on in, protein quantification 

was performed using the BCA assay.  

2.6.2 Live cell imaging of tissue explants using DRAQ probes 

NSCLC explants (~1 mm3, generated as described in previous sections) were cultured 

in 10% RPMI (200 L) in adherent U-bottom 96-well plates (1 explant/well). The 

architecture and viability of tissue explants over time in culture (1 h, 4 h, 12 h, and 48 

h) was assessed using DRAQ5TM and DRAQ7TM, respectively. DRAQ5TM is a far-red 

probe which binds to the DNA of all cells and is a cell-permanent indicator of total 

cellular material(278). DRAQ7TM is a non-toxic, far-red probe which binds to the DNA of 

only dead cells whose cell membrane integrity is compromised(278). Staining was 

performed using different explants for each probe. The protocols for staining explants 

with DRAQ5TM and DRAQ7TM are described in Section 2.7.3.  
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2.6.3 OranguTM Cell Counting Solution for viability assessment 

All experiments were carried out in adherent U-bottom 96-well plates with 200 L 10% 

RPMI. OranguTM Cell Counting Solution was used, according to manufacturer’s 

instructions, to determine the viability of PBMC cultures following treatment with 

Atezolizumab or IMAs. 

The effect of each IMA treatment on 2 day CD14+ PBMC (4x104) viability, as well as 6 

day CD14+ (1x104) and CD14- (1x105) PBMC viability, was assessed using the 

OranguTM cell viability assay. CD14- PBMCs were cultured with 1000 U/mL IFN and 

20 ng/mL IL-1, as described above, to support T cell survival over the long-term 

culture. The dosing of eleven IMAs (Tasquinimod; Zometa; PSB0788; BLZ945; 

MCC950; Ampligen; ODN2006; sCD40L; NIH3T3 CD40L; NIH3T3 WT; IFN) was 

assessed at a range of concentrations to determine the optimal concentration for future 

M polarisation (2 days) and M-mediated functional T cell (6 days) assays. The 

concentration range tested for all IMAs are shown in Table 2.5. 

The effect of Atezolizumab treatment on the viability of 6-day cultured whole PBMCs 

viability was additionally assessed using the OranguTM cell viability assay. Again, 2x105 

PBMCs were cultured with IFN (1000 U/mL) and IL-1 (20 ng/mL), as described 

above. Atezolizumab dosing was assessed at a range of concentrations: 0, 1, 5, 25, 

125, and 625 g/mL to determine the optimal concentration for future patient-based 

functional T cell assays.  

The OranguTM cell viability assay relies on the measurement of water-soluble 

tetrazolium salt (WST)-8 metabolism, as an indicator of cell ‘health’ and viability. WST-

8 is reduced to formazan by mitochondrial dehydrogenase activity in viable cells, using 

NADH as an electron donor(279). The formazan metabolite is orange in colour, and this 

change in colour can be measured using a spectrophotometer. The more viable the 

cells, the more formazan metabolite is accumulated, resulting in an increased 

absorbance measurement.  

The OranguTM cell viability assay was carried out according to manufacturer’s 

protocols. 110 L medium was removed from each well and 10 L OranguTM Cell 

Counting Solution was added to each well, or to medium only as a blank control, giving 

a final volume of 100 L. The solution was mixed by gently pipetting to avoid air 

bubbles which would interfere with accurate absorbance readings. Cell cultures were 

incubated for 3-4 h, depending on the assay, at 37°C. Absorbance (given as optical 

density, OD) at 450 nm was measured using a PHERAstar FS Microplate plate reader. 

A protocol was created on the Microplate plate reader specifically for absorbance 
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measurements in adherent U-bottom 96-well plates. The final absorbance was 

determined by subtracting the non-specific absorbance signal measured at 650 nm, 

and the averaged measurements from the blank (medium only) wells to which 

OranguTM Cell Counting Solution was added.  

2.7 Staining and microscopy 

In all imaging experiments, at least three random fields of view were imaged per well or 

slide. 

2.7.1 Brightfield microscopy 

Imaging of spheroid co-cultures  

Live imaging of multi-component spheroid cultures following 48 h culture, with or 

without CD14+ PBMCs, was performed using a Zeiss Axiovert 100 Phase Contrast 

Microscope (Zeiss, Germany), operated by MetaMorph® Image Analysis Software. 

Imaging was used to study homo/heterotypic spheroid and myeloid cell morphology. 

Images were taken using a 5X, 0.3 numerical aperture (NA) objective lens. Scale bars 

were added using Image J software, where scales were automatically generated by 

calculating the pixel: m ratio of an exported image. 

Histological assessment of primary cells and clinical specimens 

H&E staining of tissue sections 

To assess the initial tissue architecture, and to confirm the presence of tumour in 

samples received from the WCB, ~5x5x5 mm pieces of tissue were removed from the 

centre and margin of the NSCLC tissue specimens by dissection using a scalpel. 1 mL 

optimal cutting temperature (OCT) compound (Agar Scientific) was added to non-sterile 

1 mL Eppendorf tubes (STARLAB) and tissue pieces from the separate sample areas 

were added to the OCT compound in individual tubes using tweezers. Eppendorf tubes 

were immediately flash-frozen in vapour phase liquid nitrogen (-180°C). Samples were 

transferred to -80°C after 1 h and stored until required. OCT compound-embedded 

NSCLC tissue samples were removed from -80°C storage and placed on dry ice prior 

to sectioning. Frozen NSCLC samples were cut into 5 m sections using a CryoStar 

NX50 Cryostat (Thermo Fisher Scientific) set to -18°C. Sections were cut onto 

SuperFrost PlusTM glass slides (Fisher Scientific) and left to air-dry before staining. 

Tissue sections not stained immediately were stored in a slide box at -20°C for up to 6 

months.  

Haematoxylin and eosin (H&E) staining was performed in glass histology staining jars 

(10 slides/jar; VWR). Slides were placed into warm water for 2 min before being 

transferred to Mayer’s Haematoxylin solution (Sigma Aldrich) for 4 min to stain the 
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nuclei. Slides were washed in warm running tap water for 15 seconds to aid 

Haematoxylin blueing. Slides were transferred to 0.5% (weight/volume, w/v) aqueous 

Eosin Y solution (Sigma Aldrich) for 25 seconds, resulting in pink staining of the 

cytoplasm and connective tissues. Excess Eosin Y stain was removed by washing 

slides in running tap water for 15 seconds. Slides were dehydrated with 3x1 min 100% 

Absolute Ethanol (Fisher Scientific) baths. Slides were rehydrated with 3x1 min 100% 

Xylene (Sigma Aldrich) baths. Slides were briefly air-dried, and excess moisture 

removed using tissue paper before being mounted with coverslips (1.5 mm thickness; 

VWR) using DPX mountant (Sigma Aldrich). Slides were left to dry overnight before 

imaging. Coverslips were sealed with nail varnish for long-term storage to prevent 

mountant shrinkage. 

H&E staining of primary Ms 

M1, M2, MU (media) and MT (M1+M2) healthy donor control Ms were harvested 

following 48 h polarisation with the appropriate polarising cytokines (as described in 

Section 2.3.4). Similarly, patient-derived Ms were harvested following 48 h culture with 

NSCLC explants or polarising cytokines (Section 2.5.1). Myeloid cells were counted, 

centrifuged at 354 x g for 3 min, and resuspended at a concentration of 3x105 cells/mL 

(in a final volume of 100 L RPMI without FBS). Ms were attached to SuperFrost 

PlusTM glass slides for imaging using a Cytospin 2 (Thermo Shandon, Thermo Fisher 

Scientific). Slides were inserted into Cytospin assemblies with Cytofunnel attachments. 

70 L cell suspension was added to Cytospin assemblies, by pipetting, and centrifuged 

at 72 x g for 5 min. Slides were removed from Cytospin assemblies and briefly air 

dried. Slides were processed for H&E staining and mounting, as above. 

Imaging of H&E stained specimens 

Imaging of H&E stained primary cells and tissues was performed using a Zeiss Axio 

Observer Z1 Inverted Phase Contrast Fluorescence Microscope (Zeiss, Germany), 

operated by Zen 3.1 (blue edition) software. Images from primary cell experiments 

were taken using a 20X, 0.8 NA objective lens. Images from primary NSCLC tissue 

sections were taken using a 10X, 0.3 NA objective lens. The scale was calculated 

automatically using the Zen 3.1 software and the scale bar applied prior to image 

export. The histological subtype of NSCLC in all tissue specimens obtained by the 

WCB was determined, independent of patient data, by an NHS histopathologist by 

assessing H&E-stained slides.   

2.7.2 Immunofluorescence staining and microscopy 

All antibodies used for fluorescence microscopy are summarised in Table 2.6. Optimal 

antibody concentration/dilution was determined in titration experiments performed by 
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our group (concentration range tested based on manufacturer’s recommendations). 

Cells were labelled with unconjugated primary antibodies, followed by fluorescent 

tagging with fluorophore-conjugated secondary antibodies. Cell nuclei were visualised 

by staining with 4’,6-diamidino-2-phenylinodle (DAPI).   

 

Antigen/ 
Antibody 

Species of 
origin 

Clone, Isotype Supplier 
Test 

concentration/ 
dilution  

Primary antibodies 

Vimentin Mouse  V9, IgG1(k) Santa Cruz 1.0 g/mL 

Desmin  Mouse 4A45, IgG1(k) Santa Cruz 1.0 g/mL 

Cytokeratin 19 Mouse BA16, IgG1(k) Santa Cruz 1.0 g/mL 

−actin Mouse 1A4, IgG2a Santa Cruz 1.0 g/mL 

CD68 Rabbit EPR20545, IgG Abcam 10.0 g/mL 

CD64 Mouse OTI3D3, IgG1(k) Abcam 21.8 g/mL 

CD206 Mouse 15-2, IgG1(k) BioLegend 5.0 g/mL 

Isotype control antibodies 
Isotype controls were used in all fluorescence microscopy experiments. 

IgG1(k) Mouse 
P3.6.2.8.1, 

IgG1(k) 
eBioscience 

Matched to test 
antibody 

concentration 

IgG2a Mouse eBM2a, IgG2a eBioscience 
Matched to test 

antibody 
concentration 

IgG Rabbit EPR25A, IgG Abcam 
Matched to test 

antibody 
concentration 

Secondary antibodies 

Anti-Mouse 
(H+L) Alexa 
Fluor 488 

Goat Polyclonal, IgG eBioscience 1/200 

Anti-Rabbit 
(H+L) Alexa 

Fluor Plus 488 
Goat Polyclonal  eBioscience 1/2000 

Anti-Mouse 
(H+L) Alexa 

Fluor Plus 594  
Goat Polyclonal eBioscience 1/1000 

 

Adherent cells 

Characterisation of healthy donor lung fibroblasts (AGFB) and patient-derived CAFs 

derived from NSCLC patients (1660; 4939; 5131) was additionally performed by 

fluorescence microscopy. All antibodies and working concentrations are shown in 

Table 2.6. 

In all experiments, cells were seeded in 24-well black-walled glass-bottomed plates 

(Greiner Bio-One), at a density of 2.5x104 cells/well, and were grown in 10% RPMI 

Table 2.6. Antibodies used in fluorescence microscopy experiments 

Details of the primary, isotype, and secondary antibodies used in fluorescence microscopy 

analysis in this thesis. 

 



          Chapter 2: Materials and Methods                              

94 
 

(500 L) until ~80% confluent. Medium was removed, wells were gently washed with 

PBS, and fresh 0% FBS-containing complete RPMI added to each well. Cells were 

growth arrested through exposure to these FBS-limiting conditions for 24 h, to reduce 

FBS-dependent effects on protein expression prior to phenotyping/treatment.  

Basal phenotyping 

Following 24 h growth arrest, cell phenotyping were performed by assessing the levels 

of vimentin, desmin, and cytokeratin 19 protein expression by immunofluorescence 

staining. Medium was removed, and wells gently washed with PBS prior to 

simultaneous fixation and permeabilisation with 1:1 ice-cold Acetone/Methanol (250 

L/well, stored at -20°C prior to use; Fisher Scientific) for 10 min. Wells were air-dried, 

washed with PBS, and blocked with 250 L PBS containing 1% BSA (v/v; R&D 

Systems) for 2 h at RT, to limit background staining. Primary antibodies were prepared 

at appropriate concentrations (following optimisation of a range of dilutions), as detailed 

in Table 2.6. The isotype control antibodies were diluted to match the target antibody 

concentrations. All antibodies were prepared in 0.1% BSA-containing PBS (v/v). 

Primary/isotype antibodies were added to wells in 250 L, and incubated with cells for 

2 h at RT. Secondary antibodies were centrifuged at 16,000 x g  for 10 min (4°C) (MSE 

Sanyo Hawk 15/05 Refrigerated Centrifuge) to pellet antibody crystals which would 

interfere with fluorescence readouts. Primary antibodies were removed after 2 h, and 

wells washed (3x3 min) with 0.1% BSA-containing PBS (v/v). The Alexa Fluor 488-

conjugated secondary goat anti-mouse antibody was diluted 1/200 (following 

optimisation of a range of dilutions), as detailed in Table 2.6, and added in 250 L to 

each well. Cells were incubated with secondary antibodies for 1 h at RT. Secondary 

antibodies were removed and wells were washed with PBS (3x3 min). To reveal cell 

nuclei, wells were stained with 250 L NucBlueTM Fixed Cell ReadyProbesTM Reagent 

(DAPI; Thermo Fisher Scientific), prepared at 2 drops/mL PBS, for 10 min. Plates were 

immediately imaged without removal of the DAPI stain.  

SMA staining following TGF stimulation 

Cancer-associated myofibroblasts have been associated with a more aggressive TME 

and have been shown to support tumour growth and invasion(280, 281). The 

myofibroblast-like phenotype of all cells was additionally assessed by measuring the 

levels of SMA (or -actin) expression in cells before and after TGF stimulation. 

Following 24 h growth arrest (as described above), cells were treated with 10 ng/mL 

soluble TGF(1) (PeproTech), added in fresh 0% complete RPMI (since FBS contains 

detectable levels of bovine-derived TGF(282)), for 72 h. Cells were washed with PBS, 

fixed, and stained for SMA (Table 2.6), as detailed in the above section. 
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Suspension cells 

Primary Ms were harvested following 48 h polarisation and Cytospin preparations 

obtained, as described in the above sections. The expression of M-related proteins, 

CD68, CD64, and CD206, was investigated by fluorescence microscopy. Slides were 

air-dried for 10 min before being simultaneously fixed/permeabilised in ice-cold 

Acetone (100%, stored at -20°C prior to use). Slides were briefly air-dried before 

undergoing 3x3 min PBS washes. All fix/permeabilisation and wash steps were 

performed in glass histology staining jars. Excess moisture was removed from the slide 

and a PAP pen used to demarcate a hydrophobic barrier around the cell area for future 

blocking and staining steps. Cells were blocked with 2.5% goat serum (Sigma Aldrich) 

in RO H2O (v/v) for 1 h to limit background staining. Primary antibodies were prepared 

at appropriate concentrations (following optimisation of a range of dilutions), as detailed 

in Table 2.6. The isotype control antibodies were diluted to match the target antibody 

concentrations. All antibodies were prepared in 1% BSA-containing PBS (v/v). 

Primary/isotype antibodies were added to slides in 100 L and incubated with cells 

overnight at 4°C. When dual-antibody staining, 50 L of each primary antibody, 

prepared at double the final concentration, was mixed in an adherent U-bottom 96-well 

plate, prior to the addition of the full 100 L onto each slide. Table 2.6 denotes the final 

antibody concentrations used in fluorescence microscopy experiments. The next day, 

secondary antibodies were centrifuged at 16,000 x g for 10 min (4°C) (MSE Sanyo 

Hawk 15/05 Refrigerated Centrifuge). Slides were removed from 4°C and washed with 

PBS (3x3 min). Fluorophore-conjugated secondary antibodies were prepared at 

appropriate concentrations (following optimisation of a range of dilutions), as detailed in 

Table 2.6 (final antibody concentrations), and added in 100 L to each slide. Cells 

were incubated with secondary antibodies for 1 h at RT. When dual-antibody staining, 

the secondary antibodies were prepared at double the final concentration and mixed, 

as stated above, prior to addition to each slide. Slides were washed with PBS (2x3 min, 

followed by 1x10 min). Cells were stained for 10 min with 100 L NucBlueTM Fixed Cell 

ReadyProbesTM Reagent, prepared as above. Slides were washed with PBS (2x3 min), 

dried, and mounted with coverslips using ProLongTM Gold Antifade Mountant (Thermo 

Fisher Scientific), to preserve fluorescent signal. Slides were left to dry overnight before 

imaging. Coverslips were sealed with nail varnish for long-term storage.  

Fluorescence microscopy 

Imaging of fluorescently stained primary cells (adherent and suspension) was 

performed using a Zeiss Axio Observer Z1 Inverted Phase Contrast Fluorescence 

Microscope, operated by Zen 3.1 (blue edition) software. Images from primary cell 

experiments were taken using a 20X, 0.8 NA objective lens. The scale was calculated 
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automatically using the Zen 3.1 software and the scale bar applied prior to image 

export. The quantification of fluorescence signal was performed in collaboration with Dr 

Andreia de Almeida using CellProfiler image analysis software.  

2.7.3 Confocal fluorescence microscopy of NSCLC explants 

Live tissue imaging of explants was performed, following staining with DRAQ5TM and 

DRAQ7TM far-red probes, to assess tissue architecture and viability over time in culture 

(1 h, 4 h, 12 h, and 48 h). 

DRAQ5TM staining 

Culture medium was removed from explant wells 30 min prior to the appropriate time 

point. DRAQ5TM was added in fresh medium (200 L) to give 2.5 M final 

concentration. DRAQ5TM was incubated for 30 mins at 37°C to enable dye penetration 

prior to imaging. The contents of DRAQ5TM-stained explant cultures were transferred 

into a 8-well NuncTM Lab-TekTM II Chamber SlideTM System (Thermo Fisher Scientific) 

for imaging. Explants stained with the endpoint DRAQ5 dye were discarded after 

imaging each time point.  

DRAQ7TM staining 

DRAQ7TM was added in fresh medium (200 L) to explants at the beginning of culture 

(T=0) to give 3 M final concentration. DRAQ7TM remained in culture (37°C) throughout 

the time course (0-48 h). At 1 h, 4 h, 12 h, and 48 h post explant culture, the contents 

of DRAQ7TM-stained explant cultures were transferred into a 8-well NuncTM Lab-TekTM II 

Chamber SlideTM System for imaging. Explants were discarded after imaging at the 

final time point.   

Live viability imaging  

Imaging of tissue explants was performed using a ZEISS LSM 880 Confocal Laser 

Scanning Microscope, operated by Zen 3.1 (blue edition) software, using a 20X, 0.8 NA 

objective lens. Multi-dimensional acquisition was conducted to generate 3D images, 

which were obtained as a collection of Z-stacks (Z-stack interval 25 m) and projected 

into a 2D maximum intensity image. Autofluorescence bleed through into the green 

channel was imaged using a 488 nm laser. DRAQ5 and DRAQ7 signal in the far-red 

channel was imaged using a 633 nm laser. 

2.8 Gene expression analyses 

RNA extraction and gene expression analyses were performed on surfaces treated 

with RNAzap (Thermo Fisher Scientific) and 70% ethanol (v/v in nuclease-free 

Molecular Biology Grade H2O (HyCloneTM; Fisher Scientific)) to remove contaminating 
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genomic material. RNase- and DNase-free pipettes, tips, and plasticware were used in 

all molecular biology experiments and were decontaminated after use using UV light 

from a Vertical Laminar Airflow Cabinet with the UV Sterilisation PCR Workstation 

(Labcaire Systems Ltd).  

2.8.1 RNA isolation 

Primary cells and tissues 

Total cellular ribonucleic acid (RNA) was isolated from NSCLC patient tissue samples 

and healthy donor Ms using the TRIzol method(283). This method involves the liquid 

phase separation of genomic material using Tri Reagent® solution (TRIzol) containing 

guanidine thiocyanate and phenol. TRIzol enables the separation of RNA, DNA, and 

protein into an aqueous phase, interphase, and organic phase, respectively, aiding 

independent isolation of genomic material. 

To extract RNA from resected NSCLC tissue specimens, ~3x3x3 mm3 pieces of tissue 

were removed from the centre and margin of the sample by dissection using a scalpel. 

Tissue from both areas were mechanically dissociated together using a tissue 

homogeniser (VWR) in 1 mL Tri Reagent® solution (Sigma Aldrich).  

To extra RNA from healthy donor Ms (N=3), CD14+ PBMCs (3x106) were polarised 

into M1/M2 controls, or unstimulated media controls, for 48 h (as described in Section 

2.3.4) in 6-well adherent flat-bottom plates. Cells were cultured at a 45° angle at 37° C 

to enable cell contact. Cells were harvested and pelleted by centrifugation (354 x g for 

3 min), prior to 2x2 mL PBS washes to remove excess medium. Cell pellets were 

resuspended in 1 mL Tri Reagent® solution.  

Cell-TRIzol suspensions was transferred to a RNase/DNase-free 1.5 mL Eppendorf 

tubes (STARLAB) and frozen overnight at -80°C to aid extraction. Tubes were thawed 

on ice (4°C) prior to the addition of 200 L Molecular Biology Grade Chloroform (VWR). 

Tubes were vigorously shaken for 15 seconds and placed back on ice for 5 min before 

being centrifuged at 16,000 x g for 20 min (4°C) (MSE Sanyo Hawk 15/05 Refrigerated 

Centrifuge) to enable the separation of the aqueous (RNA) and organic 

(phenol/protein) phases. The aqueous phase was collected, without disrupting the 

organic layer, and added to a new Eppendorf tube containing 500 L ice-cold 

Molecular Biology Grade Isopropanol (Fisher Scientific). Tubes were inverted (3 times) 

and immediately stored at -20°C overnight, to allow for RNA precipitation. The next 

day, tubes were centrifuged at 16,000 x g for 20 min (4°C) and isopropanol removed 

without disrupting the RNA pellets. RNA pellets were resuspended in 1 mL 70% ice-

cold Molecular Biology Grade Ethanol (Fisher Scientific; v/v in HyCloneTM) and tubes 
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were centrifuged at 16,000 x g for 20 min (4°C). The ethanol was removed without 

disrupting the RNA pellets, and the ethanol step repeated. Tubes were air-dried, upside 

down, at RT to allow for ethanol evaporation; RNA pellets were resuspended in 11 L 

HyCloneTM for quantification and basic quality assessment using a NanoDropTM 2000 

Spectrometer (Thermo Fisher Scientific).  

Whole blood 

Venous blood from NSCLC patients was collected into TempusTM Blood RNA Tubes 

containing 6 mL Stabilizing Reagent (Thermo Fisher Scientific) by WCB staff. Tubes 

were immediately inverted, resulting in global cell lysis. The Stabilizing Reagent works 

to inactivate cellular RNases and selectively precipitate genomic DNA and RNA. Tubes 

were received by Cardiff University researchers and immediately frozen at -80°C until 

required. Tubes were thawed on ice (4°C) prior to isolation. Total cellular RNA from 

whole blood samples were isolated and purified using a TempusTM Spin RNA Isolation 

Kit (Thermo Fisher Scientific), according to manufacturers’ protocols. RNA pellets were 

resuspended in 20 L HyCloneTM H2O for quantification/quality measurements by 

NanoDropTM.  

Quantification and quality assessment  

The NanoDropTM was blanked with 1 L HyCloneTM H2O prior to RNA concentration 

measurements (1 L RNA (n=2); ng/L). The NanoDropTM obtains absorbances at 230 

nm, 260 nm, and 280 nm. Nucleic acids (DNA and RNA) are the only genomic material 

to absorb at 260 nm, whilst contaminants absorb at the other wavelengths. Therefore, 

a sample with a A260/230 and A260/280 ratio of >1.7 is generally accepted as a ‘pure’ 

RNA sample. When ratios are considerably lower, this may indicate the presence of 

high levels of ethanol/phenol or protein contaminants which absorb 230 nm or 280 nm. 

Samples for which these ratios were considerably lower than 1.7 eliminated from gene 

expression analysis. Once quantified, RNA that was not used immediately was 

aliquoted to limit freeze thawing, and stored at -80°C for up to 12 months. RNA was 

thawed on ice before preparation for NanoString nCounter® analysis or complementary 

DNA (cDNA) synthesis. 

2.8.2 NanoString nCounter® Technology  

The NanoString Technologies platform was used to investigate gene expression in 

primary NSCLC tissue and blood samples, as well as in healthy donor M samples. A 

focused transcriptome-based search for large-scale gene changes, and novel markers 

of M1- and M2-like M subsets, was achieved using the PanCancer IO360 nCounter® 

Gene Expression Panel (NanoString Technologies), in order to simultaneously screen 
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hundreds of cancer- and immune-related genes. Since the NanoString Technologies 

platform is optimised for the quantification of gene transcripts from as little as 50 ng 

RNA, this technology was useful for the analysis of these samples, since low amounts 

of genomic material were retrieved in some instances. Due to financial constraints, 

equal amounts of RNA from all three donors, isolated as described in the above 

section, was pooled for each M control (M1/M2/media), and one pooled sample per 

control was ran on the NanoString cartridge (as recommended by NanoString). An 

RNA standard, consisting of a pooled RNA sample containing equal amounts of RNA 

from all samples included in the NanoString analysis, was added to each cartridge to 

ensure reproducibility and comparisons between cartridges. Alongside the RNA 

standard, eleven experimental RNA samples were run simultaneously on each 

NanoString cartridge.  

RNA quality control assessment and accurate quantification 

RNA from the above samples was further quality controlled (QC’d) using an Agilent 

2100 Bioanalyzer (Agilent Technologies), prior to NanoString analysis (as 

recommended by the manufacturer). The Agilent 2100 Bioanalyzer measures RNA 

degradation by electrophoresis, giving an RNA Integrity Number (RIN; higher the RIN, 

less degraded RNA). In samples where the RIN number was lower than 7, the 

percentage of RNA fragments ≥300 bp within the sample was determined as an 

additional QC measure. This was measured by placing nucleotide size thresholds on 

the fragmentation profiles from 300 bp to maximum. Samples with ≥50% of ≥300 bp 

RNA fragments were deemed good enough quality for use on the NanoString 

Technologies platform (as recommended by the manufacturer). Electrophoresis gels 

were prepared for QC analysis using reagents from the Agilent RNA 6000 Nano Kit 

(Agilent Technologies), according to the manufacturer’s protocol. RNA samples (1 L) 

were run in technical duplicate, in electrophoresis gels, on Agilent RNA 6000 Nano 

Chips (Agilent Technologies). An Agilent RNA 6000 Nano Ladder (1 L; Agilent 

Technologies) was run in parallel to allow quantification of RNA fragmentation. The 

Agilent 2100 Bioanalyzer quantifies RNA more accurately than the NanoDropTM and 

therefore, the final RNA concentration of samples determined by the Agilent 2100 

Bioanalyzer was used to prepare 10 ng/L (100 ng in 10 L HyCloneTM H2O) aliquots, 

in RNase/DNase-free 1.5 mL Eppendorf tubes, for NanoString analysis.  

Running RNA samples on the NanoString nCounter® platform 

NanoString Technologies platforms quantify discrete messenger RNA (mRNA) 

transcript counts through microscopic detection of multi-coloured fluorescent probes 

(also known as molecular barcodes)(284). NanoString runs were performed at Bristol 

University, UK, using a NanoString SPRINT profiler. Sample hybridisation and gene 
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expression reactions were carried out according to the manufacturer’s protocol. In brief, 

the barcoded Reporter CodeSet and Capture ProbeSet from the PanCancer IO360 

nCounter® Gene Expression Panel CodeSet (NanoString Technologies) were thawed 

on ice (4°C), inverted gently to mix, and centrifuged at 1000 x g for 3 seconds (PrismTM 

Mini Centrifuge, Labnet International). The following hybridisation reaction mix was 

prepared on ice (4°C). 70 L Hybridisation Buffer (supplied with the NanoString 

nCounter® SPRINT Profiler Reagent Pack) was added to the Reporter CodeSet vial, 

inverted gently to mix, and centrifuged at 1000 x g for 3 seconds. 8 L Hybridisation 

Buffer/Reporter CodeSet reagent mix was added to a 12-tube PCR hybridization strip 

(0.2 mL/tube; Fisher Scientific) prior to the addition of 5 L (50 ng) RNA sample and 2 

L Capture ProbeSet. Hybridisation reaction tubes were mixed by flicking the tubes, 

centrifuged at 1000 x g for 3 seconds, and incubated for 19 h in a Thermal Cycler (G-

Storm GS1 Thermal Cycler, Gene Technologies) pre-heated to 65°C, with heated lid at 

80°C. Following completion of the overnight hybridisation, the Thermal Cycler held 

samples at 4°C to preserve RNA integrity. An nCounter® SPRINT Cartridge 

(NanoString Technologies) was removed from -20°C and equilibrated at RT for 15 min. 

Samples were retrieved from the Thermal Cycler and centrifuged at 1000 x g for 3 

seconds. Sample volume in each PCR tube was brought to 30 L with 15 L 

RNase/DNase free H2O. 30 L RNA sample, or RNA standard, was loaded into each 

well of the nCounter® SPRINT Cartridge. Sample loading ports were sealed, to prevent 

evaporation, loaded into the NanoString SPRINT Profiler, and run for 6 h. Cartridges 

were discarded after use. 

NanoString analysis 

The NanoString PanCancer IO360 nCounter® Gene Expression Assay enabled the 

quantification of mRNA transcripts of 770 onco-immune-related genes, including twenty 

PanCancer internal housekeeping genes (full gene list shown in Appendix 2.1) 

Additionally, the NanoString nCounter® platform included internal negative (eight) and 

internal positive (six) controls. Data were exported from the NanoString SPRINT 

Profiler and analysed using the NanoString Technologies nSolverTM analysis software. 

All NSCLC patient blood and tissue samples were analysed together. All pooled 

healthy donor M samples (M1/M2/Media controls) were analysed together, separately 

from the NSCLC patient data. Firstly, QC assessment and internal assay 

normalisations were performed on the raw absolute mRNA count data for each sample. 

QC flags were automatically generated by the nSolverTM analysis software where the 

nCounter® assay performance was deemed suboptimal based on a variety of 

parameters (as described in the NanoString Gene Expression Data Analysis 

Guidelines, https://www.nanostring.com/support/data-analysis/nsolver-data-analysis-

https://www.nanostring.com/support/data-analysis/nsolver-data-analysis-support
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support). Samples with severe QC flags were discarded from subsequent in-depth data 

analysis.  

Data normalisations were performed in the nSolverTM analysis software. Absolute 

mRNA counts were first thresholded as present above the geometric mean of the 

internal negative controls (‘background signal’). All counts below the background were 

adjusted to match the threshold value and not considered further in the analysis. Next, 

counts were multiplied by a normalisation factor generated by dividing the geometric 

mean by the arithmetic mean of the appropriate internal positive controls, to account for 

technical platform-associated variation, per well, such as instrument scan resolution 

and hybridisation conditions. Finally, counts were multiplied by a sample normalisation 

factor, generated by dividing the geometric mean by the arithmetic mean of the 

appropriate internal housekeeping genes, to account for variability in input material, per 

well, due to pipetting errors. The normalised mRNA counts were exported for further 

analysis in Microsoft Excel.  

To support baseline NSCLC tissue and CD14+ PBMC phenotyping data, normalised 

absolute mRNA counts from patient tissue and blood specimens were used. Absolute 

mRNA counts were also used when assessing the expression of B7 family members in 

clinical specimens prior to Atezolizumab treatment in T cell functional assays.  

When identifying novel M1- and M2-specifc gene candidates, linear ratios were 

manually calculated by dividing M1 by M2 or media control mRNA counts and M2 by 

M1 or media control mRNA counts, respectively. When assessing gene signatures 

indicative of ex vivo Atezolizumab response, nSolverTM analysis software was used to 

generate a Heatmap of differentially expressed mRNA transcripts in the tissue and 

blood of NSCLC patients observed to be responders or non-responders. Hierarchical 

clustering was performed using Pearson Correlation similarity metric. A z-score 

between -3 and 3 was used for each gene in the assay to demonstrate the standard 

deviation of gene expression about the geometric mean (set as 0) of all samples. The 

z-score is positive if the value lies above the mean, and negative if it lies below the 

mean. Due to distinct clustering, tissue and blood samples were treated as 

independent datasets for future analyses. Additionally, linear ratios for these NSCLC 

tissue and blood datasets were manually calculated by dividing non-responder mRNA 

counts by responder mRNA counts. 

Linear and Log2 fold changes were manually calculated from linear ratios using the 

equations (as detailed in the NanoString Gene Expression Data Analysis Guidelines, 

https://www.nanostring.com/support/data-analysis/nsolver-data-analysis-support): 

Linear fold change = Linear ratio (if Linear ratio >1, ‘over-expression’)  

https://www.nanostring.com/support/data-analysis/nsolver-data-analysis-support
https://www.nanostring.com/support/data-analysis/nsolver-data-analysis-support
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Linear fold change = -1 x (1/Linear ratio) (if Linear ratio is <1, ‘under-

expression’)  

Log2 fold change = Log2 (Linear ratio) (for both over- and under-expression) 

No statistical analyses were performed on these datasets since samples were run in 

technical singlet and <3 independent patient samples were run per experimental arm. 

Waterfall plots of linear and Log2 fold change data were generated using Prism 5.0 

software (GraphPad). Log2 heatmaps were generated manually in Microsoft Excel. 

Venn diagrams of linear fold change data were generated manually or using Venny 

2.1.0 (https://bioinfogp.cnb.csic.es/tools/venny/index.html), for the M1/M2-specific gene 

candidate dataset and gene response signature dataset, respectively. 

2.8.3 cDNA synthesis 

The RNA from the individual and pooled healthy Ms donors (M1/M2/Media controls) 

were used to validate the corresponding NanoString ‘genes of interest’ by quantitative 

polymerase chain reaction (qPCR). 

First, cDNA was reverse transcribed from RNA using a High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Thermo Fisher Scientific), according to the 

manufacturer’s protocol. The reverse transcription (RTn) reaction mix were prepared in 

RNase/DNase-free 1.5 mL Eppendorf tubes, on ice (4°C). The volumes of each 

reagent used for RTn, given for one reaction, are detailed in Table. 2.7. When 

performing multiple RTn reactions simultaneously, reagents were scaled up and 

prepared as a master mix. Reverse transcription qPCR (RT-qPCR) controls were 

prepared according to the MIQE Guidelines(285). A no-template RTn control was 

produced by substituting RNA for nuclease-free H2O (provided in the RTn kit), to 

account for false positive results due to exogenous RNA contamination of the RTn 

reagents. A no-Reverse Transcriptase (no-RTase) control was established by 

substituting the MultiScribe RTase for nuclease-free H2O, but included RNA templates, 

to account for the presence of contaminating endogenous DNA molecules in the RNA 

preparation pre-RTn, which would give false positive results in later qPCR reactions.  

RNA samples were diluted to 1 g/10 L sample in nuclease-free H2O and added to a 

single RTn reaction mix (10 L), with the exception of the no-template RTn and no-

RTase controls (specifics discussed above). Reactions were prepared in 0.2 mL PCR 

tubes (MicroAmpTM Reaction Tube with Cap; Applied Biosystems, Thermo Fisher 

Scientific), to give a final volume of 20 L. The reagents were mixed briefly by pipetting 

before being loaded into a s1000 Thermal Cycler (Bio-Rad). RTn took place under the 

following conditions: 

https://bioinfogp.cnb.csic.es/tools/venny/index.html
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 1) Primer annealing: 25°C for 10 min. 

2) Primer extension and DNA polymerisation: 37°C for 120 min. 

3) Enzyme (RTase) Deactivation: 85°C for 5 min. 

 

Reverse Transcription Kit reagent Volume of reagent (one reaction; L) 

10X RTn Buffer 2.0 

10X RTn Random Primers  2.0 

2X dNTP Mix (100 mM) 0.8 

MultiScribe RTase 1.0 

Nuclease-free H2O 3.2 

RNase Inhibitor (not included in the RTn kit, 

obtained from Thermo Fisher Scientific) 
1.0 

Total 10.0 

Following completion of RTn, the Thermal Cycler held samples at 4°C to preserve 

cDNA integrity. cDNA samples were diluted with 80 L nuclease-free H2O prior to 

qPCR analysis. cDNA that was not used immediately was aliquoted to limit freeze 

thawing, and stored at -80°C for up to 12 months. 

2.8.4 RT-qPCR 

Assay setup 

RT-qPCR reactions were performed using TaqManTM Gene Expression Assays 

(Thermo Fisher Scientific). TaqManTM primer-probes (Thermo Fisher Scientific) were 

selected based on giving the ‘Best Coverage’ for each gene, where possible, and 

limiting the possibility of genomic DNA amplification. The primers used in RT-qPCR 

reactions are listed in Table 2.8. TaqManTM primer-probe technologies work to quantify 

gene expression based on the detection of fluorescence signal (in this case, 6-

carboxyfluorescein; FAM) directly coupled to the 5’ end of the oligonucleotide probes. 

The 3’ end of the TaqManTM probes contains a quencher molecule. When the 

fluorescent probe and the quencher are in close proximity, the fluorescence signal is 

inhibited by the quencher. TaqManTM probes anneal to a specific DNA sequence within 

the region that is being amplified by the TaqManTM primers. As the Taq polymerase 

extends the primer and synthesises the new DNA strand, the endogenous exonuclease 

activity within the enzyme degrades the annealed probe, causing cleavage of the 

quencher molecule. Upon doing so, the proximity-induced quenching of florescence 

Table 2.7. RTn reagents 

All reverse transcription (RTn) reactions were performed using the High Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems, Thermo Fisher Scientific). (RTase, reverse 

transcriptase). 
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signal is released, allowing the fluorophore to become fluorescent. As such, the 

fluorescent signal being detected is specific to DNA synthesis; fluorescence signal 

detected in the qPCR reaction is directly proportional to the amount of the DNA 

template and therefore, gene of interest, present in the sample. In all cases, the 

reporter dye was FAM and the quencher NFQ-MGB.  

 

Gene Symbol Assay/Primer ID 

Target genes 

TNFRSF11A Hs00187189_m1  

TRIM21 Hs00172616_m1  

B2M Hs00187842_m1  

THBD Hs00264920_s1  

ICAM1 Hs00164932_m1  

AQP9 Hs00175573_m1  

Reference genes 

GAPDH Hs02758991_g1  

When performing RT-qPCR, the appropriate reagents were prepared in RNase/DNase-

free 1.5 mL Eppendorf tubes, on ice (4°C). The qPCR reaction mix consisted of the 

TaqManTM Gene Expression Master Mix (Thermo Fisher Scientific) and the gene-

specific TaqManTM primer-probes (specific volumes shown in Table 2.9). When 

performing multiple RT-qPCR reactions simultaneously, reagents were scaled up and 

prepared as a master mix. A single qPCR reaction mix (15 L) was added to each well 

of a RNase/DNase-free MicroAmp™ Optical 96-Well Reaction Plate (Thermo Fisher 

Scientific), on ice (4°C). 5 L cDNA from previous RTn reactions was added in 

technical duplicate to each well of RT-qPCR reaction mix. A no-template RT-qPCR 

control was produced by substituting cDNA for nuclease-free H2O, according to the 

MIQE Guidelines(285). This control was established to account for false positive results 

due to exogenous DNA contamination of the qPCR reagents, and formation of primer-

dimers during RT-qPCR reactions. No-template RTn and no-RTase control samples 

were substituted for cDNA in RT-qPCR reactions. Plates were sealed using 

MicroAmp™ Optical Adhesive Film (Thermo Fisher Scientific) and centrifuged at 1000 

Table 2.8. Target and reference gene-specific TaqManTM primer-probes used in RT-

qPCR reactions 

All primers were purchased from Thermo Fisher Scientific. Where possible, the ‘Best 

Coverage’ primer was selected for each target gene. When no primer was recommended, 

those which would minimise the possibility of genomic DNA amplification were selected. 

Specifically, these were primers which would only span an exon junction (m, messenger 

RNA). When mRNA primer sequences were limited, sequences which would map within a 

single exon (s) were chosen, with the limitation of potentially amplifying genomic DNA. A 

genomic RNA (g) primer was used to detect the internal reference gene, GAPDH.  

 

https://www.thermofisher.com/taqman-gene-expression/product/Hs00187189_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs00172616_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs00187842_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs00264920_s1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs00164932_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs00175573_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Hs02758991_g1?CID=&ICID=&subtype=
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x g for 10 seconds to remove contents from the side of the wells. RT-qPCR 

amplification was immediately performed in a StepOnePlusTM Real-Time PCR System 

(Thermo Fisher Scientific) under the following conditions: 

 1) Denaturation of double stranded DNA bonds: 50°C for 2 min. 

 2) Primer-probe annealing: 95°C for 15 seconds. 

 3) Primer extension: 60°C for 1 min. 

Steps 1-3 were performed for a total of 40 cycles, resulting in exponential amplification 

of the gene of interest.  

 

qPCR reagent Volume of reagent (one reaction; L) 

Gene-specific TaqManTM primer-probes 1.0 

TaqMan Gene Expression Master Mix  10.0 

Nuclease-free H2O 4.0 

Total 15.0 

Data analysis  

The raw data was processed on the StepOnePlusTM Thermal Cycler. To exclude 

background fluorescence signal, a cycle number baseline was applied to the data. 

Additionally, cycle threshold (CT) values were generated for each gene through 

applying a threshold line in the early exponential phase of the fluorescence 

amplification curve (Fig 2.6). The CT is the cycle number at which the fluorescence 

signal generated within the qPCR reaction crosses the cycle baseline (background 

signal) and the point at which the accumulation of signal, produced within the early 

exponential phase of the reaction, can be detected. Different baselines and thresholds 

were set for individual genes within each plate whereas the same values were used 

when analysing the same gene across replicate cDNA samples or different 

experimental arms. Further data analysis was performed in Microsoft Excel. GAPDH 

expression was measured in all samples as an endogenous reference gene, and was 

run on each individual plate alongside the gene of interest. Target expression results 

were represented as 2-ΔCT and were calculated from the mean ΔCT values (CT of 

each target gene, relative to the CT of GAPDH for the same sample(286)).  

Table 2.9. Reagents included in the qPCR reaction mix  

Specific volumes of TaqManTM Gene Expression Master Mix and gene-specific TaqManTM 

primer-probes (supplied by Thermo Fisher Scientific), used per one qPCR reaction, are 

shown in the table. Each target gene of interest was run on individual qPCR plates. GAPDH 

expression was measured in all samples as an endogenous reference gene, and was run on 

each plate, alongside the gene of interest. 
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Figure 2.6. Fluorescence amplification plot of TaqManTM-based RT-qPCR data 

Analysis of raw RT-qPCR data applying the TaqManTM primer-probe system results in the 

generation of a fluorescence amplification curve for each gene of interest. A) A baseline 

threshold was applied to exclude background fluorescence signal (‘noise’). B) A cycle 

threshold (CT) was applied for each gene in the early exponential phase of the fluorescence 

amplification plot to determine the point at which each transcript is amplified during the 

reaction. Individual baseline thresholds and CTs were applied for each gene; the same 

threshold values were used when analysing the same gene across replicate cDNA samples 

or independent experimental arms.  
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2.9 Data presentation and statistical analyses  

Calculations relating to raw data were performed using Microsoft Excel. Statistical 

analyses were performed using Prism 5.0 software (GraphPad). Paired datasets 

including two groups were analysed using a paired T test. Unpaired datasets which 

were not normally distributed, and contained only two groups, were analysed using a 

Mann-Whitney U test. A one-way analysis of variance (ANOVA) was used when 

comparing the means of ≥2 groups involving one independent variable (Dunnett’s 

[comparing means to one group] or Tukey’s [comparing means between all groups] 

post-hoc analyses are denoted in the results). A two-way ANOVA followed by 

Bonferroni post-hoc test was applied when comparing the means of ≥2 groups 

involving two independent variables. Statistically significant differences were marked as 

*p < 0.05; **p < 0.01; ***p < 0.001.  

2.10 Appendix 

 

A2M CCL7 CLECL1 ERO1A HLA-A IL7R MELK PDGFRB SAMD9 TLR5 

ABCF1 CCL8 CMKLR1 ESR1 HLA-B INHBA MET PDK1 SAMSN1 TLR7 

ACVR1C CCNA1 CNTFR EXO1 HLA-C IRF1 MFGE8 PDZK1IP1 SBNO2 TLR8 

ADAM12 CCNB1 COL11A1 EZH2 
HLA-
DMA 

IRF2 MFNG PECAM1 SDHA TLR9 

ADGRE1 CCND1 COL11A2 F2RL1 
HLA-
DMB 

IRF3 MGMT PF4 SELE TMEM140 

ADM CCND2 COL17A1 FADD 
HLA-
DOA 

IRF4 MICA PFKFB3 SELL TMEM173 

ADORA2A CCND3 COL4A5 FAM124B HLA-DOB IRF5 MICB PFKM SELP TMUB2 

AKT1 CCNE1 COL5A1 FAM30A 
HLA-
DPA1 

IRF7 MKI67 PGPEP1 SERPINA1 TNF 

ALDOA CCNO COL6A3 FANCA 
HLA-
DPB1 

IRF8 MLANA PIAS4 SERPINB5 TNFAIP3 

ALDOC CCR2 COMP FAP 
HLA-
DQA1 

IRF9 MLH1 PIK3CA SERPINH1 TNFAIP6 

ANGPT1 CCR4 CPA3 FAS 
HLA-
DQA2 

ISG15 MMP1 PIK3CD SF3A1 TNFRSF10B 

ANGPT2 CCR5 CRABP2 FASLG 
HLA-
DQB1 

ITGA1 MMP7 PIK3CG SFRP1 TNFRSF10C 

ANGPTL4 CD14 CSF1 FBP1 HLA-DRA ITGA2 MMP9 PIK3R1 SFRP4 TNFRSF10D 

ANLN CD163 CSF1R FCAR 
HLA-
DRB1 

ITGA4 MMRN2 PIK3R2 SFXN1 TNFRSF11A 

APC CD19 CSF2 FCGR1A 
HLA-
DRB5 

ITGA6 MRC1 PIK3R5 SGK1 TNFRSF11B 

APH1B CD1C CSF2RB FCGR2A HLA-E ITGAE MRE11 PKM SH2D1A TNFRSF14 

API5 CD2 CSF3 FCGR2B HLA-F ITGAL MRPL19 PLA1A SHC2 TNFRSF17 

APLNR CD209 CSF3R FCGR3A/B HMGA1 ITGAM MS4A1 PLA2G2A SIGLEC1 TNFRSF18 

APOE CD244 CST2 FCGRT HMGB1 ITGAV MS4A2 PLOD2 SIGLEC5 TNFRSF1A 

APOL6 CD247 CTAG1B FCN1 HNF1A ITGAX MS4A4A PMS2 SIGLEC8 TNFRSF1B 

AQP9 CD27 CTLA4 FCRL2 HRAS ITGB2 MS4A6A PNOC SIRPA TNFRSF25 

AREG CD274 CTNNB1 FGF13 HSD11B1 ITGB3 MSH2 POLD1 SIRPB2 TNFRSF4 

Appendix 2.1. NanoString PanCancer IO360 nCounter® gene list 

The 770 onco-immune-related genes included in the PanCancer IO360 Gene Array 

panel are listed in alphabetical order, with housekeeping genes (20) highlighted in red.  
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ARG1 CD276 CTSS FGF18 ICAM1 ITGB8 MSH6 POLR2A SLAMF7 TNFRSF8 

ARG2 CD28 CTSW FGF9 ICAM2 ITPK1 MTOR PPARG SLC11A1 TNFRSF9 

ARID1A CD300A CX3CL1 FGFR1 ICAM3 JAG1 MX1 PPARGC1B SLC16A1 TNFSF10 

ARNT2 CD36 CX3CR1 FLNB ICAM5 JAG2 MXI1 PRF1 SLC1A5 TNFSF12 

ATF3 CD38 CXCL1 FLT1 ICOS JAK1 MYC PRKAA2 SLC2A1 TNFSF13 

ATM CD3D CXCL10 FOSL1 ICOSLG JAK2 MYCT1 PRKACB SLC7A5 TNFSF13B 

AXIN1 CD3E CXCL11 FOXP3 ID4 JAK3 MYD88 PRKCA SMAD5 TNFSF18 

AXL CD3G CXCL12 FPR1 IDO1 KAT2B NBN PRKX SMAP1 TNFSF4 

B2M CD4 CXCL13 FPR3 IER3 KDR NCAM1 PRLR SNAI1 TNFSF8 

BAD CD40 CXCL14 FSTL3 IFI16 KIF2C NCR1 PROM1 SNCA TNFSF9 

BAMBI CD40LG CXCL16 FUT4 IFI27 KIR2DL3 NDUFA4L2 PRR5 SOCS1 TNKS 

BATF3 CD44 CXCL2 FYN IFI35 KIR3DL1 NECTIN1 PSMB10 SOX10 TP53 

BAX CD45RA CXCL3 FZD8 IFI6 KIR3DL2 NECTIN2 PSMB5 SOX11 TPI1 

BBC3 CD45RB CXCL5 FZD9 IFIH1 KIT NEIL1 PSMB8 SOX2 TPM1 

BBS1 CD45RO CXCL6 G6PD IFIT1 KLRB1 NF1 PSMB9 SPIB TPSAB1/B2 

BCAT1 CD47 CXCL8 GAS1 IFIT2 KLRD1 NFAM1 PSMC4 SPP1 TRAF1 

BCL2 CD48 CXCL9 GBP1 IFIT3 KLRK1 NFATC2 PTCD2 SPRY4 TRAT1 

BCL2L1 CD5 CXCR2 GBP2 IFITM1 KRAS NFIL3 PTEN SREBF1 TREM1 

BCL6B CD58 CXCR3 GBP4 IFITM2 LAG3 NFKB1 PTGER4 SRP54 TREM2 

BID CD6 CXCR4 GHR IFNA1 LAIR1 NFKB2 PTGS2 STAT1 TRIM21 

BIRC3 CD68 CXCR6 GIMAP4 IFNAR1 LAMA1 NFKBIA PTPN11 STAT2 TSLP 

BIRC5 CD69 CXorf36 GIMAP6 IFNG LAMB3 NFKBIE PTPRC STAT3 TTC30A 

BLK CD7 CYBB GLI1 IFNGR1 LAMC2 NGFR PUM1 STAT4 TWF1 

BLM CD70 DAB2 GLS IFNGR2 LCK NID2 PVR STC1 TWIST1 

BMP2 CD74 DDB2 GLUD1 IGF2R LDHA NKG7 PVRIG STK11IP TWIST2 

BNIP3 CD79A DEFB134 GLUL IHH LDHB NLRC5 RAD50 SYK TYMP 

BNIP3L CD79B DEPTOR GMIP IKBKB LGALS9 NLRP3 RAD51 TAF3 TYMS 

BRCA1 CD80 DKK1 GNG4 IKBKG LIF NOD2 RAD51C TAP1 UBA7 

BRCA2 CD84 DLL1 GNLY IL10 LILRA1 NOS2 RASAL1 TAP2 UBB 

BRD3 CD86 DLL4 GOT1 IL10RA LILRA3 NOTCH1 RASGRF1 TAPBP UBE2C 

BRD4 CD8A DNAJC14 GOT2 IL11 LILRA5 NOTCH2 RB1 TAPBPL UBE2T 

BRIP1 CD8B DNMT1 GPC4 IL11RA LILRB2 NRAS RBL2 TBC1D10B ULBP2 

BTLA CD96 DPP4 GPR160 IL12RB2 LILRB4 NRDE2 RELA TBP VCAM1 

C1QA CDC20 DTX3L GPSM3 IL15 LOXL2 NT5E RELB TBX21 VCAN 

C1QB CDC25C DTX4 GUSB IL16 LRRC32 OAS1 RELN TBXAS1 VEGFA 

C2 CDH1 DUSP1 GZMA IL17A LTB OAS2 REN TCF3 VEGFB 

C5 CDH11 DUSP2 GZMB IL18 LTBP1 OAS3 RICTOR TCL1A VEGFC 

C5AR1 CDH2 DUSP5 GZMH IL18R1 LY9 OASL RIPK1 TDO2 VHL 

C7 CDH5 E2F3 GZMK IL1A LY96 OAZ1 RIPK2 TFRC VSIR 

CASP1 CDK2 EDN1 GZMM IL1B LYZ OLFML2B RIPK3 TGFB1 VTCN1 

CASP3 CDK6 EGF H2AFX IL1R2 MAGEA1 OLR1 RNLS TGFB2 WDR76 

CASP8 CDKN1A EGFR HAVCR2 IL1RN MAGEA12 OTOA ROBO4 TGFB3 WNT10A 
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CASP9 CDKN1C EGR1 HCK IL2 MAGEA3/A6 P2RY13 ROCK1 TGFBR1 WNT11 

CBLC CDKN2A EIF2AK2 HDAC11 IL21R MAGEA4 P4HA1 ROR2 TGFBR2 WNT2 

CCL13 CDKN2B EIF2B4 HDAC3 IL22RA1 MAGEB2 P4HA2 RORC THBD WNT2B 

CCL14 CEACAM3 EIF4EBP1 HDAC4 IL24 MAGEC1 PALMD RPL23 THBS1 WNT3A 

CCL18 CEBPB EIF5AL1 HDAC5 IL2RA MAGEC2 PARP12 RPL7A THY1 WNT4 

CCL19 CENPF ELOB HDC IL2RB MAML2 PARP4 RPS6KB1 TICAM1 WNT5A 

CCL2 CEP55 ENO1 HELLS IL2RG MAP3K12 PARP9 RPTOR TIE1 WNT5B 

CCL20 CES3 ENTPD1 HERC6 IL32 MAP3K5 PC RRM2 TIGIT WNT7B 

CCL21 CHUK EOMES HES1 IL33 MAP3K7 PCK2 RSAD2 TLK2 XCL1/2 

CCL22 CLEC14A EPCAM HEY1 IL34 MAP3K8 PDCD1 RUNX3 TLR1 ZAP70 

CCL3/L1 CLEC4E EPM2AIP1 HIF1A IL4 MAPK10 PDCD1LG2 S100A12 TLR2 ZC3H12A 

CCL4 CLEC5A ERBB2 HK1 IL6 MARCO PDGFA S100A8 TLR3 ZEB1 

CCL5 CLEC7A ERCC3 HK2 IL6R MB21D1 PDGFB S100A9 TLR4 ZEB2 
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3 Development and characterisation of a multi-
component NSCLC spheroid model  

3.1 Introduction 

This chapter focuses on the development and characterisation of a 3D model of 

NSCLC, to study TCMs in the TME. The data and spheroid model generated in this 

chapter are optimisations for the ultimate patient-derived tissue explant model in future 

chapters.   

3.1.1 Selection of tumour, stromal, and myeloid cell 
components 

The NCI-H522 [H522] cell line was chosen as the tumour component of the spheroid 

model since it is a commercially available adenocarcinoma cell type and therefore, 

relevant to the clinical scenario since this is the most commonly diagnosed NSCLC 

subtype. Additionally, extremely limited publications exist using the H522, compared to 

the A549, cell line in NSCLC spheroid models(287-289), so data derived from this study 

would be novel. Primary lung AG02603 fibroblasts [AGFB] were selected as the 

stromal component of the model, since they are also commercially available and 

previously used in our lab. These cells had been co-cultured with A549 cells in a 2D 

drug testing model(290), but had not been explored in a 3D context, especially in 

combination with H522 cells. The effect of H522/AGFB spheroids on M polarisation 

and function has not previously been investigated.  

Both the monocyte-derived THP-1 cell line(89, 291) and primary CD14+ peripheral blood 

monocyte cells (PBMCs)(46, 291-293) have been used in human M studies. Whilst the 

THP-1 line is a well characterised and reproducible cell model, primary CD14+ PBMCs 

are more representative of the heterogeneity of the myeloid cell population within the 

TME(292). Therefore, these cell types were compared to determine which was optimal 

for use in the NSCLC spheroid model.  

3.1.2 Marker expression for phenotyping myeloid cells  

Like with most immune cell populations, M1- and M2-like Ms can be phenotypically 

distinguished from each other based on cell surface marker expression. Amongst the 

extensive list of M1- and M2-like-specific markers, shown in Table 3.1, the most 

common markers used to differentiate between these two M subpopulations are 

CD80/CD86/HLA-DR and CD206/CD163, respectively. Whilst the pan-M marker, 

CD68, is generally expressed equally by both subpopulations(293, 294), CD14 is often 

more highly expressed on M1- than M2-like Ms(293, 295-297).  
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Marker 
Expression dependent on M type 

Reference 
M1 M2 

CD14 ++ + (293, 295-297) 

CD16 
+ low (94, 293, 297) 

low + (296) 

CD163 - + (89, 95, 100, 239, 296-299) 

CD206 - + 
(89, 94, 95, 100, 239, 296, 297, 

299) 

CD80 + - (95, 292, 294, 296) 

HLA-DR + low (95, 297-300) 

CD64 + - (292, 293, 295-297) 

CD200R - + (292, 296) 

CD23 - + (100, 293) 

CD11b low + (292, 293) 

CD209 - + (292) 

CD86 + - (95, 240, 293, 294, 296, 297) 

CD40 + - (95, 240, 294) 

PDL-1 + - (240) 

Although expressed by NK cells, Ms, and a subset of monocytes, CD16 is suggested 

to be upregulated on M1-like compared to M2-like Ms. However, Ambarus et al.(296) 

reported CD16 to be upregulated on M2-like Ms in response to the Th2 cytokine IL-10, 

but not IL-4, suggesting that the expression of CD16 on M1/M2 M subsets is 

controversial. Additionally, whilst CD11b is generally considered a pan-leukocyte 

marker, it is more highly expressed on M2- than M1-like Ms. However, this marker 

cannot be used independently to differentiate between subpopulations of myeloid cells 

but should be used in combination with monocyte/M/MDSC-specific markers in order 

for accurate conclusions to be reached. Finally, although not a cell surface marker, 

elevated expression of iNOS and arginase-1 by human Ms is commonly associated 

with an M1- and M2-like state, respectively(93, 95, 99, 298).  

M phenotype can dynamically change in response to different cytokines within the 

TME. For example, CD80 and CD64 are upregulated on Ms in response to IFN 

stimulation, whilst CD163 is upregulated in response to IL-10(100, 296); CD206 is 

upregulated in response to both IL-4 and IL-10(100). Finally, IL-4 has a dual role in the 

TME, promoting the upregulation of CD200R(296) and CD23(100, 293), but downregulation 

of CD14 on Ms.  

In addition to phenotyping Ms, monocytes can be categorised based on CD14/CD16 

surface marker expression. Monocytes are composed of three phenotypically distinct 

Table 3.1. List of markers used for the identification of M1- and M2-like Ms  
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subpopulations: classical (CD14++/hiCD16-), intermediate (CD14++/hiCD16+), and non-

classical (CD14+/loCD16+) monocytes. CD16- monocytes represent the majority of 

circulating monocytes, with the pro-inflammatory, CD16+ monocytes only comprising 

10-20% of the total monocytic population(301). As well as being highly expressed on M1-

like Ms, CD64 is a marker of pro-inflammatory monocytes, in particular, the 

intermediate CD14++/hiCD16+ subpopulation(302, 303). This study examines the presence 

of monocytes and Ms following exposure of primary myeloid cells to the 3D lung 

cancer spheroid model. Specifically, this chapter explores and develops an optimal 

panel of surface markers which best enables the M phenotype to be investigated in 

early-stage NSCLC using a novel heterotypic spheroid model, and investigates the 

function of TCMs in parallel.  

3.1.3 Aims and objectives 

This chapter set out to address the following research question:  

What is the effect of the lung TME on M phenotype and function in vitro? 

The main aim of this chapter was to develop and characterise an optimised 3D 

spheroid model of NSCLC, and study the phenotype and function of cancer-associated 

Ms. To achieve this, the work surrounded five primary objectives: 

1) Select the most suitable MDMs to use in the spheroid model. 

2) Investigate the effect of spheroids on M phenotype using a panel of published 

M1/M2 surface markers. 

3) Optimise the lung cancer spheroid model, particularly the myeloid cell component, 

including the development of an optimised panel of phenotyping markers.  

4) Characterise and explore the optimised lung cancer model to fully determine the 

effect of the lung TME on M polarisation and phenotypic plasticity, using the most 

suitable panel of M phenotyping markers. 

5) Assess TCM-mediated suppression of T cell activity in the spheroid model through 

the development of functional T cell assays. 

3.2 Results  

3.2.1 Comparing the responsiveness of THP-1 cells and CD14+ 

PBMCs to M polarising cytokines  

To assess the extent of THP-1 and CD14+ PBMC polarisation in the presence of M1- 

and M2-promoting cytokines or H522 NSCLC spheroids, the expression (MFI) of the 

most common M1-related (CD80/HLA-DR) and M2-related (CD206/CD163) markers on 

both cell types was analysed. Marker expression was assessed by flow cytometry, 
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following 48 h culture (gating strategy shown in Appendix 3.1). The monocyte-derived 

THP-1 cells were pre-differentiated into M0 Ms prior to M1/M2 polarisation using PMA, 

as previously reported(89, 291). Unlike with THP-1 cells, the pre-differentiation of CD14+ 

PBMCs is lengthy (48-72 h vs. 7 days) and not imperative(46, 296). Therefore, to limit the 

assay time in an attempt to maintain good model viability, primary myeloid cells were 

not pre-differentiated into M0 Ms prior to M1/M2 polarisation. CD14+ myeloid cells 

were separated from whole PBMCs using a negative selection kit.  

For M1 polarisation (referred to as the M1 control), CD14+ cells were treated with LPS 

and IFN; to generate M2 Ms (M2 control), the cells were treated with IL-13 and IL-4, 

while the media control contained no exogenous cytokines. When using CD14+ cells, 

M1 control cells expressed significantly more CD80 than the media control (Fig. 

3.1A(i)). No difference in CD80 expression between the TCMs or M2-like Ms was 

seen compared to the media control. The same trends in expression were observed for 

the PMA-treated THP-1 cells, although differences between experimental controls were 

not significant. Therefore, based on CD80 expression, it was concluded that TCMs 

were more M2 M-like.  

Although routinely described as a marker of M2-like Ms, CD163 expression was 

generally low, but significantly higher for the media control compared to the positive 

controls and TCMs (Fig. 3.1A(ii)). In contrast, no difference in CD163 expression was 

detected for any THP-1 experimental arm, indicating that M polarisation due to 

exposure to tumour could not be detected when using CD163 as a marker.  

The addition of M2 cytokines to CD14+ PBMCs resulted in a significant increase in 

CD206 expression versus the untreated media control (Fig. 3.1A(iii)). High levels of 

CD206 expression on M2-like Ms is in agreement with previous findings(296). CD206 

expression on H522-conditioned and M1 control PBMCs were not significantly different 

to the media control. In contrast, the addition of M1 cytokines to THP-1 cells resulted in 

a significantly higher CD206 expression than the media control, although expression 

was much lower than in every arm of the PBMC assay. Contrary to the CD80 

expression data, it appeared that tumour-conditioned CD14+ PBMCs were more M1-

like based on CD206 expression data.  
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Figure 3.1. THP-1 cells are less responsive to M1/M2 polarisation than CD14+ PBMCs 

4x104 healthy CD14+ PBMCs or PMA-treated (150 nM) THP-1 cells were polarised into M1 

and M2 M controls or incubated with 1x104 cell H522 spheroids for 48 h. Cells were 

incubated with complete RPMI media without cytokines to generate media controls. A) The 

delta mean fluorescence intensity (MFI; MFI for antibody-labelled sample minus MFI in 

unstained control) of (i) CD80, (ii) CD163, (iii) CD206, and (iv) HLA-DR among the CD14+ 

cell population was analysed by flow cytometry. B) Representative dot plots, showing (i), (ii), 

(iv), and (v): the percentage of M1/M2-like Ms generated by cytokines or (iii) and (vi): 

H522 spheroid conditioning, as determined using two-marker analyses. Statistical analyses 

were carried out by applying an ANOVA with Tukey’s post-hoc test. Data are represented as 

mean ± SEM, calculated from technical triplicates (n=3), with statistically significant 

differences compared to the media control marked as *p < 0.05; **p < 0.01; ***p < 0.001. 

Data given as a proportion of parent (CD14+) gate and are representative of two 

independent experiments from healthy donors (N=2).  
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Low and high expression of the HLA-DR (or MHCII) protein is indicative of M2 and M1 

Ms, respectively (Table 3.1). HLA-DR expression was significantly greater in both the 

M1 and M2 controls, than the media control (Fig. 3.1A(iv)). The expression of HLA-DR 

was comparable on tumour-conditioned and the media-treated cells. When assessing 

THP-1 marker expression, HLA-DR levels were significantly higher for the M1 control 

compared to the media control, but expression was lower than that observed in the 

CD14+ PBMC assay (Fig. 3.1A(iv)). To conclude, HLA-DR was an uninformative Ms 

phenotyping marker since TCMs appeared to have neither an M1- or M2- phenotype. 

Since TCMs appeared both M1-like, based on CD206 expression and M2-like, based 

on CD80 expression, it was evident early on that single markers alone were not 

sufficient to classify M1/M2 Ms, and that TCMs may not exhibit a definite M1 or M2 

phenotype. Since MFI values of single markers did not appear optimal to differentiate 

M subsets, percentage of CD14+ PBMCs which were M1 or M2 marker high positive, 

based on simultaneous two-marker analyses, were assessed in order to gain a better 

insight into the M1/M2 status of H522-conditioned CD14+ PBMCs.  

Due to the high plasticity of the myeloid cell phenotype, different myeloid cell subsets 

are often observed to either highly express a phenotyping marker (high positive) or 

exist as a spread of data points between the low positive and/or negative marker 

expression region. Subsequently, myeloid cells cannot be defined simply based on a 

positive/negative marker expression divide. As such, when assessing the M 

phenotype throughout this thesis, cells were predominantly defined as markerhi or 

markerlo (incorporating low positive and marker negative cells). CD14+ cells broadly 

encompass all myeloid cells including, but are not limited to, M1-like Ms (CD14 high 

positive cells), M2-like Ms (CD14 low positive cells), monocytes (CD14 low-high 

positive cells), and CD14+ myeloid-derived DCs; myeloid cells do not exist in the CD14- 

gate. All M subsets appeared as discrete CD16+ and CD68+ populations, so high/low 

nomenclature was not required when using these markers.  

The results demonstrated that 2.7-3.9% of tumour cell-exposed CD14+ PBMCs were 

M1-like whilst 1.2-2.3% were M2-like (Fig. 3.1B(i-iii)). However, whilst HLA-DRhi 

CD80hi appeared good markers for distinguishing M1-like Ms, with ~53% of M1 control 

cells falling into this quadrant, only ~2% of M2 control cells fell into the CD163hi 

CD206hi (M2) quadrant, indicating that these are suboptimal markers to identify M2-like 

Ms. Future experiments focused on optimising the marker expression panel, with 

particular emphasis on simultaneous multi-marker analyses. 



      Chapter 3: Development and characterisation of a multi-component NSCLC spheroid model 

117 
 

Overall, differentiated THP-1 cells were less responsive to M1/M2 polarisation into their 

respective positive controls than CD14+ PBMCs. Additionally, single marker expression 

and simultaneous two-marker analyses revealed CD163 as a poor M2 marker. Finally, 

the presence of tumour spheroids did not appear to drive CD14+ PBMCs into either an 

M1- or M2-like M phenotype, based on marker expression level and percentage 

analyses. This might help be explained by reports that tumour cells do not act in 

isolation to exert pro-tumour effects within the TME, with particular emphasis on the 

role of CAFs on TAM skewing(46, 47). Consequently, the effect of stromal components on 

M1/M2 M polarisation was assessed in future experiments using only primary CD14+ 

PBMCs and not THP-1 cells.  

3.2.2 M polarisation in the presence of homotypic and 
heterotypic multi-component spheroids  

CD14+ PBMCs were cultured either alone, with homotypic tumour or fibroblast 

spheroids, or with heterotypic tumour- and stroma-containing spheroids (4:1 H522: 

AGFB), to further investigate the effect of NSCLC cells and supporting fibroblasts, on 

M polarisation (Fig. 3.2). Cells were co-cultured at 4:1 or 1:1.25 (myeloid cells: cell 

spheroids) to account for the inter-patient heterogeneity of TAM numbers within the 

TME and experimental variations in tumour/myeloid cell numbers in future explant 

experiments. The same trends in morphology and phenotype were observed in both 

scenarios (1:1.25 data not shown) and therefore, only the data from the 4:1 cell 

experiments will be discussed hereon in.  

Morphological assessment of spheroid-conditioned M co-cultures 

H522 cells generated less-compact spheroids than AGFB cells. The formation of more 

compact spheroids upon the addition of MRC5 fibroblasts to pancreatic cancer (PCa) 

cells lines, compared to homotypic tumour spheroids alone, has previously been 

reported(240). The addition of CD14+ PBMCs to H522 spheroids resulted in spheroid 

expansion, whilst adding them to AGFB and H522/AGFB spheroids did not have an 

effect on spheroid size (Fig. 3.2A). Following incubation of CD14+ PBMCs with or 

without M1- and M2-promoting cytokines, co-cultures could be distinguished 

morphologically, based on myeloid cell clustering (Fig. 3.2B). Specifically, M1-like Ms 

formed fewer, larger clusters than M2-like Ms. In contrast, the untreated, media 

control Ms showed diffuse or no clustering.  
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Preliminary assessment of spheroid-mediated M polarisation  

Following morphological assessment, myeloid cells were harvested following 48 h co-

culture, and phenotyped by flow cytometry (gating strategy shown in Appendix 3.2). 

The baseline (T=0) phenotype of myeloid cells from unmatched healthy PBMC donors 

was also assessed prior to 48 h heterotypic spheroid polarisation. In an attempt to 

better distinguish M1- and M2-positive myeloid cell populations, CD64 and CD23 were 

added as markers to the existing phenotyping panel as M1- and M2-specific markers, 

respectively (Table 3.1). Monocytes and Ms express high levels of surface Fc 

receptors, which are likely to contribute to high levels of non-specific antibody binding, 

both from antigen-specific and isotype control antibodies. Previously, it has been 

Figure 3.2. Homotypic and heterotypic multi-component spheroids 

A) H522 cells were incubated alone or together with AGFB fibroblasts at a ratio of 4:1 

(tumour: fibroblasts) for 48 h to generate homotypic and heterotypic spheroids. Spheroids 

were incubated for 48 h without (top panel) or with (bottom panel) 4x104 healthy CD14+ 

PBMCs. B) CD14+ cells only were polarised into M1 or M2 M controls or incubated without 

cytokines for 48 h (media control). Images were taken using a 5X, 0.3 NA objective lens and 

are representative of three independent healthy donor experiments (N=3) in which at least 

three random fields of view were imaged per well (triplicate wells per condition). Scale bar 

represents 150 m.  
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proposed that Fc‐blocking may be an alternative to the use of isotype controls to 

eliminate non-specific antibody binding(304). Indeed, Andersen et al.(304) showed that 

both commercially available Fc-block and human/mouse serum (2.5% or 10% v/v) 

removed non-specific binding of isotype controls and antigen-specific antibodies, and 

did not affect staining quality. Additionally, this group showed that there was no 

significant difference in blocking ability between the commercially available blocking 

reagent or any species or concentration of serum. Therefore, 2.5% mouse serum was 

used for Fc receptor blocking in this thesis, since it is more cost effective than 

commercial reagents. Additionally, monoclonal mouse anti-human antibodies were 

predominantly used for flow cytometry staining in the experiments contained in this 

chapter and therefore, mouse IgG-containing serum was chosen over human serum. In 

conclusion, a 2.5% mouse serum blocking step was performed in future flow cytometry 

experiments, particularly since both CD23 and CD64 are themselves Fc receptors(305) 

and isotype controls have been shown unreliable indicators of non-specific binding in 

human monocyte experiments(304).  

Prior to 48 h culture, CD14+ myeloid cells consisted of a small population of CD206hi 

(1.8%) and CD23hi (0.2%) cells. The proportion of CD64hi (99.4%), CD163hi (97.3%), 

CD80hi (98.9%), and HLA-DRhi (95.8%) cells observed at baseline was high (Fig. 

3.3A). These single marker expression results indicate that blood-derived myeloid cells 

exhibited a more M1- than M2-like myeloid cell phenotype prior to polarisation studies.  

 

 

 

Figure 3.3. CD14+ PBMCs exhibit an M1-like phenotype prior to 48 h culture 

Using flow cytometry, the baseline (T=0) expression of CD206, CD64, CD23, CD163, 

CD80, and HLA-DR was analysed on 1x105 whole CD14+ PBMCs prior to 48 h culture with 

spheroids and/or cytokines. Data are represented as mean ± SEM, calculated from N=4 

biological replicates. No statistical analyses were performed since only basic phenotyping 

of one experimental arm was carried out. Data given as a percentage of parent (CD14+) 

gate and are pooled from three independent healthy donor experiments (N=4).  
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Following 48 h M polarisation, AGFB- and H522/AGFB-conditioned cultures contained 

a significantly higher number of CD206hi cells than the media control (48.2-84.4% vs. 

23.3%; Fig. 3.4A). Additionally, the media control was significantly lower than the M2, 

but not the M1, control. This suggests that myeloid cells were preferentially polarised 

into an M2 phenotype following 48 h incubation with stroma-containing spheroids. Both 

of the new markers, CD64 and CD23, demonstrated clear M1+/-M2+/- populations (Fig. 

3.4B-C and Appendix 3.2). The percentage of CD64hi cells were significantly higher for 

the M1 than the media control (88.1% vs. 12.5%) however, CD64 expression remained 

unchanged for all other arms, compared to the media control (Fig. 3.4B). This further 

demonstrates that myeloid cells were skewed into an M2-like phenotype following 

incubation stroma-containing spheroids, in addition to homotypic tumour spheroids ( 

based on CD64 but not CD206 expression; see two-marker analyses discussion 

below). In contrast, the percentage of CD23hi cells present in M2-like M cultures was 

significantly higher than for the media controls (80.4 vs. 0.5%; Fig. 3.4C). Again, all 

other experimental arms remained unchanged compared to the media control. Despite 

appearing an excellent M2-specific marker, the CD23 expression data contradicted that 

of CD206 and CD64, suggesting that myeloid cells had a more M1-like phenotype 

following exposure to spheroids. However, it is not possible to confidently say whether 

the spheroids had no effect on M skewing, or promoted M1-like M skewing, since 

CD23 expression levels of both the untreated media control and M1 control were 

virtually negative.  
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Figure 3.4. Tumour- and stroma-containing spheroids skew CD14+ PBMCs into M2-

like Ms 

4x104 healthy CD14+ PBMCs were incubated with 1x104 total cell spheroids or were 

polarised into M1 or M2 controls or incubated without cytokines to generate media controls 

(48 h). The percentage of (A) CD206 high, (B) CD64 high, (C) CD23 high, (D) CD163 high, 

(E) CD80 high, and (F) HLA-DR high cells were analysed by flow cytometry. Statistical 

analyses were carried out by applying an ANOVA with Tukey’s post-hoc test. Data are 

represented as mean ± SEM, calculated from N=4 biological replicates, with statistically 

significant differences compared to the media control marked as *p < 0.05; **p < 0.01; ***p 

< 0.001. Data given as a percentage of parent (CD14+) gate and are pooled from four 

independent healthy donor experiments (N=4). 
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The outcome of multiple experiments showed that M2 control cultures contained the 

lowest proportions of CD163hi cells (1.5%) compared to any other experimental arm 

(Fig. 3.4D). This contradicts the literature, which shows that CD163 expression is 

higher on M2- compared to M1-like human Ms(89, 95, 100, 239, 296-299). This, alongside 

expression remaining unchanged between all experimental arms, again indicates that 

the extent of M polarisation could not be assessed when using CD163 as a marker. 

Although in preliminary studies CD80 appeared to be a good M1-specific marker when 

using CD14+ PBMCs, upon pooling of multiple independent experiments (N=4 healthy 

donors) there appeared to be large variability between replicates for each experimental 

arm (Fig. 3.4E). The mean frequency of CD80hi cells present in culture was 

comparable for all experimental arms. A similar trend was observed when evaluating 

the percentage of HLA-DRhi cells (Fig. 3.4F).  Despite HLA-DR expression being 

significantly higher for the M1 control Ms compared to the media control (p < 0.01), 

there was very little separation between the M1 and M2 control cells, and expression 

appeared highly variable between experiments.  

Overall, these results indicate that HLA-DR, CD80, and CD163 may have limited use 

as M phenotyping markers, however, distinct M1+/- M2+/- populations can be identified 

when performing CD23, CD64, and CD206 single marker analyses. However, since 

homotypic tumour spheroid-conditioned myeloid cells appeared both M1-like, based on 

CD206 expression and M2-like, based on CD64 expression, this reinforced further that 

single marker expression alone may not be optimal or sufficient to classify TCM 

subtypes. Later parts of this chapter will look at optimising this existing panel of M 

phenotyping markers and using combination marker approaches to better define the 

TCM phenotype, and study M plasticity, within the TME in vitro.  

In conclusion, the data presented here suggest that myeloid cells possess a more 

dominant M1-like phenotype (CD64hi cells) at baseline in the blood of healthy donors, 

which is then skewed into an M2-like state (CD206hi cells) following co-culture with 

tumour- and stroma-containing spheroids. Additionally, it is unclear to what extent the 

expression of CD163, CD23, CD200R, and PDL-1 change following 48 h spheroid 

culture since T=0 and T=48 levels appeared very similar, and the experiments involved 

different PBMC donors. Future experiments, shown later in this chapter, include 

repeating these spheroid-conditioned M polarisation assays using matched PBMC 

donors for phenotyping at both T=0 and T=48, in order to reinforce the findings 

presented here.  
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3.2.3 Optimisation of the preliminary lung cancer model 

Improving the myeloid cell component of the NSCLC spheroid model  

To improve the spheroid-mediated M polarisation assay, a live/dead stain was added 

to the flow cytometry staining panel to ensure that these two populations were not 

artefacts of dead cells contributing to autofluorescence or non-specific antibody 

binding(306). Further assay optimisations are described in more detail below.  

Selecting cytokine combinations for M culture  

The concentration and type of M2-promoting cytokines were originally chosen from a 

publication by Genin et al.(89). However, as discussed above, IL-13 and IL-4 only 

stimulates M2a M skewing, but M2b and M2c Ms equally play a role in the TME(94, 99). 

To ensure that the M2 control was representative of the complex M picture, various 

combinations of M2-promoting cytokines (IL-4/IL-13/IL-10/TGF/IL-1) were tested in 

an attempt to improve the strength of the M2 markers present on the M2 control. Of 

particular interest in this study was the M2-specific increase in CD163 expression, 

whilst maintaining low M1-like marker expression.  

This study revealed that CD206 expression on myeloid cells remained unchanged 

following culture with the new cytokine combinations, compared to the original 

cytokines used (IL-13/IL-4) (Fig. 3.5). The same trends were observed with CD23, 

although the addition of TGF or TGF and IL-1 to the original cytokines appeared to 

decrease CD23 expression (Fig. 3.5). The addition of IL-10, or IL-10 and TGF, 

resulted in a significantly higher CD163 expression on M2-like Ms compared to the 

original cytokines used (Fig. 3.5). However, expression of the M1 marker, CD64, 

significantly increased upon addition of both IL-10 and TGF, but not IL-10 alone, to 

the original cytokines. In summary, IL-13, IL-4, and IL-10 was the best M2-promoting 

cytokine combination to generate (control) Ms which express high-to-moderate M2 

markers, and extremely low M1 markers and was used in future experiments. However, 

whilst this combination resulted in the highest frequency of CD163 expressing cells, it 

was still only 26.9%, confirming the above findings that in these experiments, CD163 is 

a poor M2-specific marker (Fig. 5.3).  
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Improving myeloid cell purity and polarisation  

In the preliminary experiments shown above, CD14+ cells were negatively selected 

from whole healthy donor PBMCs since this is what had previously been used for 

myeloid cell studies in our lab. In this system, CD14- cells are targeted for removal with 

tetrameric antibody complexes, recognising non-myeloid cells, and magnetic particles. 

However, the CD14+ purity of the negatively selected population is ~80%(307). In 

contrast, up to 97% CD14+ purity has been reported using a positive selection 

system(308), where the CD14+ cells are targeted directly with tetrameric antibody 

complexes recognising myeloid cells and dextran-coated magnetic particles. Therefore, 

to improve the myeloid cell purity of the model, the positive selection kit was explored 

further using flow cytometry analysis of immune cell markers (gating strategy shown in 

Appendix 3.3).  

Prior to CD14+ separation using the positive selection kit, the proportion of various cell 

populations present within whole (representative) PBMCs was as follows: 47.0% CD3+ 

(T cells), 26.1% CD14+ (myeloid cells), 5.7% CD19+ (B cells), and 3.3% CD56+CD14- 

(NK cells) (Fig. 3.6). As expected, upon initial separation (‘magnet X1’; composed of 3 

separation washes on an EasySep™ magnet), the positive (CD14+) fraction consisted 
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Figure 3.5. The effect of different M2-promoting cytokines on surface marker 

expression  

4x104 healthy CD14+ PBMCs were incubated with various combinations of the following 

cytokines for 48 h: IL-13 (20 ng/mL), IL-4 (20 ng/mL), IL-10 (10 ng/mL), TGF (10 ng/mL), 

and IL-1 (10 ng/mL). The expression of CD206, CD23, CD163, and CD64 on CD14+ 

myeloid cells following cytokine exposure were analysed by flow cytometry. Statistical 

analyses were carried out by applying an ANOVA with Tukey’s post-hoc test. Data are 

represented as mean ± SEM, calculated from technical triplicates (n=3), with statistically 

significant differences between all conditions within each group marked as *p < 0.05; **p < 

0.01; ***p < 0.001. Data given as a percentage of parent (CD14+) gate and are 

representative of one healthy donor experiment (N=1).  

 

(Original) 
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of mostly CD14+ cells (90.4%), whilst the negative (CD14-) fraction had mostly CD3+ 

cells (62.5%) (Fig. 3.6). In an attempt to further purify the cell populations, an additional 

separation of each fraction was performed (‘magnet X2’; composed of 1 additional 

separation wash on an EasySep™ magnet on top of the recommended 3 washes). 

Further processing resulted in a significant reduction in CD14+ and increase in CD3+ 

and CD19+ cell populations, within the positive fraction. Interestingly, the cell recovery 

rate ((# cells out in fraction/total # cells before separation) x 100) of the CD14+ fraction 

was 28.1% following the initial separation (‘magnet X1’) and a further 4.5% following 

the additional separation step (‘magnet X2’). This indicates that the increase in cell 

recovery following the additional separation step is predominately a result of a gain in T 

and B cell populations. In contrast, a significant increase in CD3+ purity and reduction in 

CD14+ contamination was observed upon further processing of the negative fraction. 

The cell recovery rate of the CD14- fraction was 55.1% and 51.5% following the 

‘magnet X1’ and ‘magnet X2’ step, respectively, indicating that the decrease in cell 

recovery following the additional separation step is primarily a result of a loss of 

myeloid cell populations.  

In conclusion, for future experiments using the CD14 positive selection kit, the positive 

fraction underwent only the recommended initial separation steps, whilst the negative 

fraction underwent two separation processes (magnet X1 and X2), in order to achieve 

the highest purity of myeloid and T cells, respectively.  
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Before the positive selection kit could be used in M polarisation experiments, the 

purity and yield of cells obtained using the positive selection kit was assessed to 

ensure CD14+ myeloid cell purity was similar to that already achieved using the 

negative selection kit. Since the CD14+ cells were conjugated to both a CD14-specific 

antibody and dextran-coated magnetic beads, this study assessed whether the 

antibody-bead complexes affected the binding of the anti-CD14 flow cytometry 

antibody to its CD14 epitope. Previously, this had not been relevant since the negative 

selection kit did not contain CD14 antibodies for positive selection. To address these 

points, separation kits were directly compared using PBMCs from three independent 

healthy donors.  

Regarding the ‘CD14+’ fractions, the percentage of CD14+ cells was significantly higher 

following separation with the positive versus the negative selection kit (94.8% vs. 
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Figure 3.6. Optimisation of the CD14 positive selection kit  

Expression of CD3, CD14, CD56, and CD19 markers was analysed on 1x105 whole PBMCs 

prior to separation, and on 1x105 cells from the positive and negative cell fractions following 

separation using the EasySep™ Human CD14 Positive Selection Kit II. The cell purity of 

each fraction was compared between cells which were separated using the STEMCELL 

Technologies Inc. washing protocol (‘magnet X1’; composed of 3 separation washes on an 

EasySep™ magnet) or using additional washing steps (‘magnet X2’; composed of an 

additional separation wash on an EasySep™ magnet). Statistical analyses were carried out 

by applying an ANOVA with Tukey’s post-hoc test. Data represent mean ± SEM, calculated 

from technical triplicates (n=3), with statistically significant differences in cell populations 

between different groups marked as *p < 0.05; **p < 0.01; ***p < 0.001 for each fraction. 

Data given as a percentage of parent (live leukocyte) gate and are representative of one 

healthy donor experiment (N=1).  

 



      Chapter 3: Development and characterisation of a multi-component NSCLC spheroid model 

127 
 

66.2%) (Fig. 3.7). Additionally, the percentage of CD56+ appeared lower when using 

the positive selection kit. In conclusion, the positive selection kit yielded a purer 

myeloid cell population than the negative selection kit. Additionally, the presence of 

CD14 antibody-bead complexes present in the positive fraction clearly had no effect on 

myeloid cell detection by flow cytometry, indicating that the flow cytometry antibody 

used binds to a different epitope than the selection antibody contained in the kit. 

Regarding the ‘CD14-’ fractions, no significant difference in CD3+ purity was observed 

between the two separation kits (Fig. 3.7). The percentage of CD14+ cell contamination 

appeared to follow a lower trend when using the positive selection kit. In contrast to 

that seen in the ‘CD14+’ fractions, a significantly higher percentage of CD56+ 

contamination was observed in the ‘CD14-’ fraction of the positive selection kit. To 

conclude, both kits generated the same purity of T cells following separation, however 

the positive and negative selection kit achieved a higher contamination of NK and 

myeloid cells, respectively, in the ‘CD14-’ fraction. The recovery rate of CD14+ cells 

from whole PBMCs was higher when using the positive compared to the negative 

selection kit (24.4-29.7% vs. 23.0-23.9%, respectively). Additionally, the ‘CD14-’ 

fraction of the negative selection kit contains CD3 antibodies, which bind to and 

potentially stimulate T cells. Therefore, the use of the negative selection kit was 

avoided in future T cell assays.  
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Next, this study investigated whether the antibody-bead complexes, bound to the 

CD14+ PBMCs, affected M polarisation. Myeloid cells were separated using either the 

positive or negative selection kit and were incubated with media or M1- or M2-

promoting cytokines for 48 h. Subsequent CD64 (M1) and CD23 (M2) expression was 

assessed by flow cytometry (Fig. 3.8A-B). CD14 marker expression (MFI) was 

significantly higher on M1, M2, and media control Ms when using the positive versus 

negative selection kit (Fig. 3.8C(i)). Additionally, M1 marker expression was 

significantly higher for the M1 and media controls, whilst M2 marker expression was 

significantly higher for the M2 control, when myeloid cells underwent positive, 

compared to negative, selection (Fig. 3.8C(ii-iii)). Identical trends were observed more 

long-term, 96 h post-separation (data not shown). In conclusion, the antibody-bead 

complexes, present in the CD14+ cell fraction following separation using the positive 

selection kit, significantly improved M polarisation compared to the negative selection 

kit. This is likely due to the significantly improved purity of the CD14+ cell population 

Figure 3.7. Comparing the purity of the CD14 positive and negative selection kits   

Expression of CD3, CD14, CD56, and CD19 was analysed on 1x105 whole PBMCs prior to 

separation, and on 1x105 cells from the positive and negative cell fractions following 

separation using both the EasySep™ Human CD14 Positive Selection Kit II (CD14 positive 

selection kit) and EasySep™ Human Monocyte Enrichment Kit without CD16 Depletion 

(CD14 negative selection kit) from STEMCELL Technologies Inc. Statistical analyses were 

carried out by applying an ANOVA with Tukey’s post-hoc test. Data represent mean ± SEM, 

calculated from N=3 biological replicates, with statistically significant differences in cell 

populations between matched groups for each selection kit marked as *p < 0.05; **p < 0.01; 

***p < 0.001. Data given as a percentage of parent (live leukocyte) gate and are pooled 

from three independent healthy donor experiments (N=3).  
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when using positive over negative CD14 selection and is unlikely a direct result of the 

antibody-bead complexes themselves.  

 

 

Due to the significantly higher CD14+ yield of the positive selection kit, and the 

observation that antibody-bead complexes present in the CD14+ fraction did not 

negatively interfere with M polarisation, this kit was used for CD14+ isolation in all 

future M and T cell assays. 

Figure 3.8. CD14 positive selection does not impair M polarisation  

4x104 healthy CD14+ PBMCs were incubated with or without cytokines for 48 h to generate 

M1/M2 or media controls, respectively. A) Representative dot plots showing the expression 

of the M1 M marker, CD64 and B) of the M2 M marker, CD23, on (i) M1, (ii) M2, and (iii) 

media control cells as measured by flow cytometry. C(i) The effect of CD14 positive 

selection of total CD14 expression (MFI) among the total leukocyte population. (ii) and (iii): 

Summary of results from A-B. Statistical analyses were carried out by applying a two-way 

ANOVA followed by Bonferroni post-doc test. Data are represented as mean ± SEM, 

calculated from technical triplicates (n=3), with statistically significant differences between 

all conditions within a group marked as *p < 0.05; **p < 0.01; ***p < 0.001. Data given as a 

percentage of parent (CD14+ or leukocyte [re: CD14 MFI]) gate and are representative of 

two independent healthy donor experiments (N=2).  
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Long-term heterotypic spheroid viability was successfully assessed using 
the CellTiter-Glo® 3D Cell Viability Assay 

To ensure that the phenotypic, and later functional, spheroid-conditioned M data 

shown in this chapter were representative of a live TME, and not an artefact of dead 

cultures, homotypic and heterotypic spheroid viability was assessed from baseline (day 

0) to 8-day culture. The rate of spheroid metabolism was measured as an indicator of 

culture viability. In brief, the [ATP] produced by spheroids over 8 days culture was 

compared to levels at baseline (day 0, following 48 h spheroid formation) using the 

luminescence-based CellTiter-Glo® 3D Cell Viability Assay (Fig. 3.9). The CellTiter-

Glo® 3D reagent is optimised to simultaneously lyse cells contained in 3D cell cultures 

and induce a luciferase reaction in the presence of endogenous ATP molecules, 

resulting in a proportionate luminescence signal (as detailed in the Materials and 

Methods). The [ATP] within tumour- and stroma-containing spheroids, over 8 days 

culture, was determined by comparing the luminescence readout against an ATP 

standard.  
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Whilst homotypic tumour spheroids were significantly more viable than stroma-

containing spheroids following short-term culture (0-1 days post-spheroid formation), 

Figure 3.9. Long-term viability assessment of homotypic and heterotypic spheroids 

H522 cells were incubated alone or together with AGFB fibroblasts at a ratio of 4:1 (tumour: 

fibroblasts) for 48 h to generate homotypic and heterotypic spheroids. Once formed, the 

viability of spheroid cultures were assessed over a period of 8 days. On days 0, 1, 2, 4, 6, 

and 8, spheroids were transferred to opaque-walled 96-well plates in 100 L. 100 L 

CellTiter-Glo® 3D reagent was added to each well and mixed by shaking on a plate shaker 

for 10 mins to induce cell lysis. Plates were then incubated at room temperature for an 

additional 25 mins to allow the luminescence signal to stabilise. A) Luminescence (relative 

light units; RLU) was measured using a PHERAstar FS Microplate plate reader. B) The ATP 

concentration (M) within each spheroid was determined by comparing the luminescence 

readout against an ATP standard. ([], concentration). Statistical analyses were carried out by 

applying an ANOVA with Dunnett’s post-hoc test (differences between conditions compared 

to the day 0 time point within each group) or two-way ANOVA with Bonferroni post-hoc test 

(differences between groups). Data represent individual means of N=3 biological replicates, 

with statistically significant differences for all conditions, within and between groups, marked 

as *p < 0.05; **p < 0.01; ***p < 0.001. Data are pooled from three spheroid experiments 

(N=3) using cells at different passage numbers.  
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the addition of fibroblasts to tumour spheroids significantly increased long-term culture 

viability (Fig. 3.9). Both homotypic and heterotypic H522 tumour spheroids were highly 

viable following 8 day culture (89.0-109.5 RLU; 4.9-6.0 M ATP), however, homotypic 

fibroblast spheroid viability constantly decreased until 8 days post-spheroid formation 

(3.1 RLU; 0.2 M ATP) (Fig. 3.9). These findings are in agreement with previous 

reports demonstrating an increase in tumour spheroid survival following co-culture with 

fibroblasts, despite homotypic fibroblast spheroids showing a rapid decrease in viability 

over long-term culture(240). 

Kuen et al.(240) previously demonstrated that monocytes alone do not survive 7-day 

culture and that the addition of monocytes to heterotypic spheroids neither positively 

nor negatively affected their long-term viability. Despite these monocytes being a 

dominant component of the PCa spheroid co-cultures in that study (5,000 cell 

spheroids: 10,000 monocytes), it is evident that they do not significantly contribute to 

the overall metabolic rate of the co-cultures, potentially due to their smaller cell size 

and therefore, lower metabolic rate compared to tumour and stromal cells (day 1: 

monocytes, <800 RLU; MRC5 >4,000 RLU(240)). Future experiments need to explore 

the influence that myeloid cell addition has on long-term NSCLC spheroid culture 

viability.  

In conclusion, heterotypic NSCLC spheroids were the most viable spheroid type over 

long-term culture. Since similar spheroid-mediated M2-like M polarisation was 

observed for all spheroid conditions, it is unlikely that the low viability of homotypic 

AGFB spheroid cultures greatly impacted M polarisation and plasticity in this study.  

3.2.4 Exploring the improved spheroid model   

Cellular characterisation of the CD14+ myeloid cell fraction 

To assess the cell phenotypes present among the CD14+ myeloid cells at the time of 

plating (T=0) and following exposure to M1/M2-promoting cytokines or lung 

tumour/stroma-containing spheroids (T=48), CD16 and CD68 expression in these cells 

were determined by flow cytometry (Fig. 3.10A-B). T=0 myeloid cells were mostly 

CD16- (~83.04) and CD68- (~99.7%), indicating that the majority of these cells were 

classical monocytes. However, 16.96% of cells appeared to be CD16+ (Fig. 3.10A), 

which could represent intermediate/non-classical monocytes, since these cells also 

expressed low levels of CD68. This is in agreement with previous reports of CD16+ 

monocytes composing 10-20% of the total blood monocytic population in healthy 

individuals(301). Upon culture (T=48), the percentage of CD16+ myeloid cells significantly 

decreased for all experimental conditions compared to the baseline T=0 control (Fig. 
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3.10A), whilst the percentage of CD68+ cells significantly increased (Fig. 3.10B; 0.3% 

vs 36.6-89.6%). Whilst a reduction in CD16 expression suggests that the myeloid cells 

became more monocytic, the increase in CD68 expression is indicative of a M 

population. Since multiple subpopulations of monocytes have been reported, based on 

CD14/CD16 expression alone(301, 303), it is evident that myeloid cell phenotyping using 

CD16 is convoluted in comparison to using the M-specific marker, CD68. In 

conclusion, myeloid cells differentiated from a dominantly monocytic, to a more M-like 

state following 48 h culture, in the presence or absence of cytokines and 

tumour/stroma-containing spheroids. Interestingly, M1-promoting cytokines promoted 

the formation of a higher number of Ms compared to M2-promoting cytokines (Fig. 

3.10B).  
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Out of interest, the 48 h protocol for generating media control Ms was compared with 

the 7 day pre-differentiation protocol commonly used in the literature(292, 293). Previously, 

CD14+ myeloid cells would be separated from whole PBMCs (T=0) and cultured in 10% 

RPMI media without cytokines for 48 h (T=48). Alongside this, T=0 myeloid cells were 

pre-treated (7 days) with GM-CSF prior to being cultured for 48 h in media only 

(T=48GM). Differences in CD16, CD68, CD206, and CD64 expression were analysed 

between the two conditions. At baseline, the expression of CD16 and CD68 were the 

same as discussed above for Fig. 3.10A-B. A large percentage of CD14+ cells 

Figure 3.10. Monocytes predominantly differentiate into Ms following 48 h culture   

4x104 healthy CD14+ PBMCs were incubated with 1x104 total cell spheroids, were cytokine-

treated into M1 or M2 controls, or were untreated to generate media controls (A and B). The 

expression of A) CD16 and B) CD68 on CD14+ myeloid cells before (T=0) and after (T=48) 

48 h culture was analysed by flow cytometry. C) CD14+ PBMCs were incubated with 5 ng/mL 

GM-CSF for 7 days, prior to a 48 h rest in complete RPMI media. The expression of CD16, 

CD68, CD206, and CD64 on uncultured T=0 CD14+ PBMCs, as well as on 48 h cultured 

media control cells, both with (T=48GM) and without 7-day GM-CSF treatment (T=48), was 

assessed by flow cytometry. Statistical analyses were carried out by applying an ANOVA 

with Tukey’s post-hoc test (A and B). Data are represented as mean ± SEM, calculated from 

technical triplicates (n=3), with statistically significant differences, compared to the T=0 

control, marked as *p < 0.05; **p < 0.01; ***p < 0.001. Data given as a percentage of parent 

(live CD14+) gate and are representative of two independent healthy donor experiments 

(N=2).  
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expressed CD64, a marker of both pro-inflammatory monocytes and Ms(302, 303, 309). 

T=48 cells were composed of more Ms than at T=0, with a higher percentage of cells 

expressing CD68 (0.3% vs. 60.1%) (Fig. 3.10C). A higher percentage of myeloid cells 

expressed high levels of CD206 (64.6%) than CD64 (3.1%), suggesting that myeloid 

cells cultured for 48 h without exogenous cytokines, are naturally more M2- than M1-

like. However, based on previous experiments, 86.4% of M2 control cells expressed 

CD206 (Fig. 3.4A(i)) and 88.1% of M1 control cells expressed CD64 (Fig. 3.4A(ii)). 

Therefore, it was easy to determine whether, based on CD64 and CD206, spheroid-

conditioned Ms appeared more M1 or M2 in phenotype as there was clear separation 

between the positive and media controls. Unfortunately, this could not be said for the 

GM-CSF-treated media control cells, where 99.9% and 83.5% of cells expressed 

CD206 and CD64, respectively (Fig. 3.10C), indicating that a large proportion of Ms 

were double positive (transitional myeloid cells, MT-like; Appendix 3.4). It would 

therefore be difficult to distinguish the positive M1/M2 controls, from the unstimulated, 

media control. 

Although the pre-treatment of myeloid cells with GM-CSF produced a more pure M 

population (93.2% CD68+; 60.4% CD16+ cells) than no pre-treatment (60.1% CD68+; 

9.4% CD16+ cells) (Fig. 3.10C), using GM-CSF pre-treated myeloid cells would make it 

extremely challenging to confidently decipher the proportions of M subtypes in either 

the spheroid or explant lung cancer model. Even when pre-differentiating monocytes 

into Ms using GM-CSF, only ~60% of cell expressed high levels of CD16 whilst ~90% 

of the same cells were CD68+, strengthening the argument that CD16 is a poor M-

specific marker in comparison to CD68, likely due to it being differentially expressed by 

both Ms and some subsets of monocytes. Based on these results, and the importance 

of maintaining good viability in the model, the short 48 h M polarisation protocol was 

used in future experiments.  

Since the preliminary phenotyping experiments shown in Fig. 3.4, changes had been 

made to the M polarisation model. To summarise, these changes included: blocking 

with mouse serum prior to antibody staining, incorporation of a live/dead viability dye 

into the flow cytometry panel, use of a positive selection kit to separate the CD14+ 

myeloid cells from whole PBMCs, and use of IL-10, alongside IL-13 and IL-4, to 

generate M2 positive controls. Since HLA-DR and CD80 appeared to be the two 

weakest M phenotyping markers previously, they were removed from the antibody 

panel to make room for PDL-1 and CD200R, markers which have been reported to be 

readily expressed by M1- and M2-like M, respectively (Table 3.1). Both of these 

proteins are additionally important immune-checkpoints and resultant expression levels 
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would better define the immunosuppressive state of myeloid cells within the lung TME, 

particularly when exploring ICIs in the explant model in the future. 

Assessing spheroid-mediated M polarisation in the optimised in vitro 
model 

To determine whether the same M polarisation trends were induced in the new model 

as were previously observed, donor-matched CD14+ PBMCs were phenotyped before 

(T=0) and after 48 h co-culture with cytokines or tumour- and stroma-containing lung 

spheroids by flow cytometry (Fig. 3.11). In addition to single marker analysis of CD206, 

CD23, CD200R, PDL-1, CD163, and CD64, simultaneous two-marker analyses of 

CD206 and CD64, the most promising M1- and M2-like markers respectively, was 

performed to determine whether this could better refine the M1- and M2-like M 

phenotype than single marker expression analyses alone. A gating strategy, 

representative of that used when determining myeloid cell marker expression in the 

optimised model, is shown in Appendix 3.5. This strategy was used to determine 

M1/M2 status whilst excluding any intermediate (unpolarised or transitional) myeloid 

cells that may be contributing to exaggerated single marker (CD64hi or CD206hi) 

expression results. For example, CD206loCD64hi cells were considered M1-like, while 

CD206hiCD64lo cells represented M2-like Ms. Unpolarised (MU; CD206loCD64lo) and 

transitional (MT; CD206hiCD64hi) myeloid cell populations were also assessed based 

on the quadrants of the simultaneous two-marker analyses. 

At baseline, CD14+ myeloid cells consisted of a small population of CD206hi (0.8%), 

CD23hi (1.4%), CD200Rhi (1.9%), and PDL-1hi (0.2%) cells. The proportion of CD163hi 

(41.0%), CD64hi (99.5%), cells observed at baseline was high (Fig. 3.11A). Based on 

simultaneous two-marker analyses, the large majority of cells (98.5%) were 

CD206loCD64hi, indicating that myeloid cells exhibit an M1-like myeloid cell phenotype 

prior to 48 h treatment (Fig. 3.11B-C). There was no evidence for the presence of M2-

like cells (0.0%; Fig. 3.11B-C). Moreover, only 0.4% and 1.1% of these circulating 

myeloid cells exhibited an MU- and MT-like phenotype, respectively (Fig. 3.11C).  
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In most instances, the M phenotype following 48 h polarisation was similar to that 

observed previously (Fig. 3.12). In the new model, homotypic and heterotypic NSCLC 

spheroids significantly reduced the percentage of CD64hi myeloid cells (4.0-6.5%), and 

increased the percentage of CD206hi myeloid cells (83.6-92.0%), present in culture 

following 48 h conditioning, compared to T=0 and M1-like M controls (Fig. 3.12A(i-ii)). 

 

Figure 3.11. CD14+ PBMCs exhibit an M1-like phenotype prior to 48 h culture in the 

optimised myeloid cell system 

A) Using flow cytometry, the baseline (T=0) expression of CD206, CD64, CD23, CD163, 

CD200R, and PDL-1 was analysed on 1x105 whole CD14+ PBMCs prior to 48 h culture 

with spheroids and/or cytokines. B) The M1-like (CD206loCD64hi) and M2-like 

(CD206hiCD64lo) phenotype of these myeloid cells were determined using two-marker 

analyses. C) Pie chart representing the proportion of T=0 CD14+ PBMCs exhibiting an M1-

, M2-, MU-, and MT-like phenotype. Data given as a percentage of parent (live CD14+) 

gate and are pooled from three independent healthy donor experiments (N=3). No 

statistical analyses were performed since only basic phenotyping of one experimental arm 

was carried out. MU, unpolarised myeloid cells; MT, transitional myeloid cells. 
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1.6-2.8% of CD23hi myeloid cells were observed in culture following 48 h homotypic 

and heterotypic spheroid conditioning, similar to that seen at T=0, prior to culture. In 

accordance with the previous findings of this chapter, no difference in CD23 expression 

was observed between the M1 and media control Ms (0.2% vs. 0.9% CD23hi cells, 

respectively). Additionally, the percentage of CD23hi cells detected in M cultures was 

significantly higher for the M2 (63.0%) than the media control (0.9%) (Fig. 3.12A(iii)), 

suggesting that CD23 is a M2-specific marker. However, there was no difference in 

CD23 expression between the spheroid-conditioned myeloid cells and the media 

control (Fig. 3.12A(iii)). Whilst myeloid cells appeared to have a more M2-like 

Figure 3.12. Exploring the M2-like M skewing effect of the optimised NSCLC spheroid 

model 

4x104 healthy CD14+ PBMCs were incubated with 1x104 total cell spheroids or were skewed 

into M1 or M2 controls for 48 h. CD14+ PBMCs were incubated without cytokines to generate 

media controls (48 h). A) The percentage of (i) CD206 high, (ii) CD64 high, (iii) CD23 high, 

(iv) CD163 high, (v) CD200R high, and (vi) PDL-1 high cells were analysed by flow 

cytometry. B) The percentage of (i) M1- like Ms (CD206loCD64hi) or (ii) M2-like Ms 

(CD206hiCD64lo) generated by the positive/media controls and spheroid-conditioned CD14+ 

cells were determined using two-marker analyses normalised against the respective positive 

control. C) Pie charts representing the proportion of CD14+ cells exhibiting an M1-, M2-, MU-, 

and MT-like phenotype following 48 h in vitro culture for all experimental conditions. Statistical 

analyses were carried out by applying an ANOVA with Tukey’s post-hoc test. Data are 

represented as mean ± SEM, calculated from N=3 biological replicates, with statistically 

significant differences, compared to the (A) all conditions, (B(i)) M2 control, or (B(ii)) M1 

control, marked as *p < 0.05; **p < 0.01; ***p < 0.001. Data given as a percentage of parent 

(live CD14+) gate and are pooled from three independent healthy donor experiments (N=3). 

MU, unpolarised myeloid cells; MT, transitional myeloid cells. 
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phenotype following exposure to spheroids based on CD206 and CD64 expression, the 

contrary is observed when considering CD23 expression. CD206 is similarly expressed 

by both M2a and M2c Ms, whilst CD23 is more highly expressed on M2a Ms(100). This 

suggests that myeloid cells may exhibit a more M2c-like than M2a-like M phenotype 

following culture with spheroids.  

The percentage of CD163hi and CD200Rhi myeloid cells decreased and increased, 

respectively, following 48 h culture with spheroids, polarising cytokines, or medium 

alone (Fig. 3.12(iv) and Fig. 3.12(v), respectively). In support of the findings from 

previous studies(292, 296), the percentage of CD200Rhi cells present in M2-like M 

cultures was high (53.4%). However, no significant difference in marker expression 

was observed between any experimental arm in either instance. These data further 

demonstrate that CD163, as well as CD200R, cannot reliably be used to study tumour-

mediated M polarisation within the lung TME, in vitro in this particular assay (Fig. 

3.12A(iv)).  

Moreover, the percentage of cells highly expressing PDL-1 was significantly greater for 

the M1 control (97.1%) than any other control or spheroid-conditioned arm (Fig. 

3.12A(vi)), indicating that PDL-1 is upregulated in the presence of the M1-promoting 

cytokines: LPS and IFN. In cancer, PDL-1 expression has previously been reported to 

be mainly regulated through IFN signalling(310, 311). However, similarly to CD23, no 

significant difference in PDL-1 expression was observed between the media control 

and any spheroid-conditioned arm (Fig. 3.12A(vi)). These data, together with the low 

proportions of PDL-1hi myeloid cells observed at baseline, indicate that PDL-1 is clearly 

not an M1-like M-specific marker, but is upregulated by cytokines that promote the M1 

M phenotype in vitro. Therefore, it is not possible to conclude, using CD23 or PDL-1 

alone, whether the TME in this spheroid model promoted M skewing or had no effect 

on the M phenotype since expression levels were similar to that of the media control 

and did not significantly differ between spheroid-conditioned arms. In summary, in 

agreement with previous results, CD206 and CD64 were the only markers which could 

consistently determine the M subtype and extent of myeloid cell skewing in the 

NSCLC spheroid model, based on the separate expression profiles of the M1, M2, and 

media controls.  

Simultaneous two-marker analyses of CD64 and CD206 indicated that circulating 

CD14+ myeloid cells possess an M1-like (CD206loCD64hi) phenotype which is then 

significantly skewed into an M2-like state (CD206hiCD64lo) following co-culture with 

tumour/stroma-containing spheroids (Fig. 3.12B). Whilst spheroid-conditioned Ms 
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appeared predominantly M2-like (82.4-88.6%), a minor proportion of MU- (7.2-15.1%) 

and MT-like (2.4-4.1%) cells were also observed in these cultures (Fig. 3.12C). M1-like 

cells were not detectable in spheroid-conditioned M cultures (0.0-0.1%). Whether 

these cells function in an immunosuppressive manner, as would be expected by M2-

like Ms, is assessed later in this chapter.  

Interestingly M1 polarisation resulted in a higher degree of plasticity than the M2 

polarisation, as 29.3% of cells in the M1 treatment group displayed an MT-like 

phenotype, expressing high levels of both CD206 and CD64 following culture, 

compared to 1.3% in the M2 control group (Fig. 3.12C). Additionally, whilst 28.1% of 

media control CD14+ PBMCs exhibited an MU-like phenotype, the majority of cells 

were polarised into M2-like Ms (61.1%) (Fig. 3.12C). This demonstrates that 

unstimulated myeloid cells naturally skew into an M2-like M phenotype in the absence 

of chemical stimuli. Overall, these results confirm that simultaneous two-marker flow 

cytometry analyses, using the combination of CD206 and CD64, can better reveal the 

nature and plasticity of the TCM phenotype than single marker analyses. 

Determining the contribution cell-cell contact and soluble factor secretion 

to spheroid-mediated M polarisation  

Next, this thesis asked to what extent tumour-conditioned M2-like M skewing was a 

result of cell-cell contact between the myeloid cells and the TME, and what was 

dependent on the secretion of soluble factors by tumour or stromal cells. Myeloid cells 

were cultured in the presence of spheroid-conditioned supernatant or physical spheroid 

contact. CD206, CD23, CD200R, and PDL-1 expression was not found to be 

significantly different on myeloid cells under either condition (Fig. 3.13A(i), Fig. 

3.13A(iii), Fig. 3.13A(v), and Fig. 3.13A(vi), respectively). The percentage of CD64hi 

and CD163hi myeloid cells was significantly higher when incubated with any spheroid 

supernatant versus physically contacting the spheroids (Fig. 3.13A(ii) and Fig. 

3.13A(iv), respectively).  
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Figure 3.13. M2-like M skewing in the NSCLC model is predominantly cell contact-dependent  

1x104 total cell H522, AGFB, or H522/AGFB spheroids were formed for 48 h. 4x104 healthy CD14+ PBMCs were cultured in the presence of spheroid-

conditioned supernatant or physical spheroid contact. Additionally, CD14+ myeloid cells were incubated with or without cytokines for 48 h to generate M1/M2 or 

media controls, respectively. A) The percentage of (i) CD206 high, (ii) CD64 high, (iii) CD23 high, (iv) CD163 high, (v) CD200R high, and (vi) PDL-1 high cells 

were analysed by flow cytometry. B) The percentage of (i) M1-like Ms (CD206loCD64hi) or (ii) M2-like Ms (CD206hiCD64lo) generated by the positive/media 

controls and spheroid-conditioned CD14+ cells were determined using two-marker analyses. C) Pie charts representing the proportion of CD14+ cells exhibiting 

an M1-, M2-, MU-, and MT-like phenotype following 48 h spheroid cell contact or spheroid-derived supernatant conditioning. Statistical analyses were carried 

out by applying a two-way ANOVA followed by Bonferroni post-doc test. Data are represented as mean ± SEM, calculated from technical triplicates (n=3), with 

statistically significant differences between all conditions within a group marked as *p < 0.05; **p < 0.01; ***p < 0.001. Data given as a percentage of parent (live 

CD14+) gate and are representative of one healthy donor experiment (N=1).  
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Simultaneous two-marker analyses were performed to determine the M subsets 

promoted by the two spheroid culture conditions. As previously discussed, this method 

of assessing M1/M2 status removes any MT-like (CD206hiCD64hi) or MU-like 

(CD206loCD64lo) myeloid cells that may be contributing to exaggerated single marker 

(CD64hi or CD206hi) expression results. Upon performing two-marker analyses, it was 

observed that myeloid cells which received cell-cell contact with any spheroid were 

skewed into a significantly more M2-like state compared to those which were cultured 

in the presence of spheroid supernatants (88.4-89.6% vs. 59.6-67.2%), whilst the 

percentage of M1-like Ms remained the same under both spheroid conditions (Fig. 

3.13B(i-ii)). Instead, the percentage of MU- (CD206loCD64lo) and MT-like 

(CD206hiCD64hi) myeloid cells present in culture significantly increased following 

spheroid-derived supernatant conditioning (6.6-8.6% and 23.9-33.5%, respectively), 

compared to spheroid cell contact cultures (2.2-5.2% and 5.2-9.4%, respectively) (Fig. 

3.13C). These data indicate that classifying M subtypes as either M1 or M2 is an 

oversimplification of the M polarisation states which exist within the lung TME, in vitro 

since unpolarised and transitional populations additionally exist under various culture 

conditions.  

To conclude, these results indicate that the M2-like M skewing effect of the TME was 

more cell contact-dependent than soluble factor-dependent. When considering the 

main, antigen-presenting role of Ms, it is not surprising that a more dominant tumour-

promoting effect was observed, following the physical contact of myeloid cell receptors, 

with molecules on tumour cells and CAFs. Therefore, cell contact between the tumour-

associated components and the myeloid cells must be maintained when developing 

and performing functional T cell experiments, so that the full functional potential of the 

NSCLC spheroid model can be explored.   

Unveiling the cellular composition of the unpolarised myeloid cell (MU-like) 
population  

Previously, data from this study had indicated that the MT population was composed 

mostly of Ms (data not shown) however, in most instances, the MT population made 

up such a small proportion of the CD14+ myeloid cells that conclusive analyses were 

limited for the majority of healthy donors. However, the MU population composed 6.6-

36.0% of CD14+ myeloid cells (Appendix 3.5C). As such, this study was interested in 

further defining the various myeloid cell types which composed this population (Fig. 

3.14A).  
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To determine whether the MU population was composed of naïve myeloid cells such as 

monocytes, or differentiated but unpolarised Ms, marker expression (CD16/CD68) on 

MU CD14+ cells at T=0 and T=48 was analysed following spheroid exposure. T=0 MU 

cells were composed of mostly CD16+ (70.5%) and CD68- (99.1%) cells, indicating that 

the majority of these cells are likely intermediate/non-classical monocytes (Fig. 3.14B). 

Upon culturing in the presence of spheroids or cytokines (T=48), the percentage of 

CD16+ MU cells significantly decreased for all experimental conditions (0.0-3.57%), 

whilst the percentage of CD68+ MU cells significantly increased (37.6-69.4%) (Fig. 

3.14B). Subsequently, the majority of MU cells post 48 h culture were observed as 

either CD68+CD16- or CD68-CD16-. As previously discussed above in relation to Fig. 

3.10, CD68 expression is solely associated with Ms unlike CD16. Therefore, it could 

be concluded that the MU cell population most likely consisted of either semi-

differentiated, unpolarised Ms, or classical monocytes (due to cells expressing low 

levels of CD16). 

Deciphering the phenotype and pro-inflammatory cytokine profile of 

classical (M1/M2) and intermediate (MU/MT) M subsets 

Next the phenotype and pro-inflammatory cytokine profile of these unpolarised and 

transitional myeloid cell populations were explored using immunofluorescence staining 

of cytospin preparations (Fig. 3.15) and ICCS of TNF and IL-1 production from LPS-

Figure 3.14. Exploring the unpolarised myeloid cell population  

4x104 healthy CD14+ PBMCs were incubated with 1x104 total cell spheroids or were polarised 

into M1 or M2 controls for 48 h. CD14+ PBMCs were incubated without cytokines (48 h) to 

generate media controls. A) The percentage of unpolarised myeloid cells (MU; 

CD206loCD64lo) before (T=0) and after (T=48) 48 h culture was analysed by flow cytometry. 

B) The expression of CD16 and CD68 on MU cells was subsequently analysed by flow 

cytometry. Data are represented as mean ± SEM, calculated from technical triplicates (n=3). 

No statistical analyses were performed since only basic phenotyping was carried out and 

direct comparisons between experimental arms were not necessary. Data given as a 

percentage of parent (A) live CD14+; B) live MU) gate and are representative of two 

independent healthy donor experiments (N=2).  
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stimulated myeloid cells (Fig. 3.16), respectively. MU, i.e. unpolarised media controls 

were generated from the culture of myeloid cells without exogenously added polarising 

cytokines. MT controls were generated artificially through culturing myeloid cells with 

both M1- and M2-polarising cytokines (LPS; IFN and IL-4; IL-10; IL-13, respectively) to 

ensure a high enough number of cells for analysis.  

Previous studies in human MDMs have demonstrated M2-like Ms as the largest in 

size of all M subsets, exhibiting a flattened and irregular morphology(312-315). Similarly, 

unpolarised Ms have been shown to possess a similar large ameboid shape, although 

their staining is often more diffuse than M2-like cells(312). In contrast, M1-like Ms have 

been reported to be much smaller in size and although they exhibit a more rounded 

morphology than other M subsets, these cells are commonly accompanied by the 

presence of cellular protrusions, such as filipodia, which give them a DC-like 

appearance(312-315). These M1-like cells additionally possessed classic horseshoe-

shaped nuclei, distinctive of monocytes and professional phagocytes. Together, the 

observations of this study match that of M subset morphological analysis previously 

reported (Fig. 3.15A-D). However, previous subset morphology studies have been 

performed on 6-day GM-CSF-treated MDMs(312); this thesis reports the same 

morphological features of M1/M2/unpolarised M following 48 h cytokine stimulation.  

Additionally, the morphology of transitional myeloid cells has not previously been 

detailed. This study observed MT-like cells to possess a similar large ameboid shape to 

that of MU-like cells and therefore, these two subsets could not be differentiated based 

on morphological analysis alone (Fig. 3.15C-D). Quantitative analyses of a larger 

healthy donor cohort using machine learning algorithms(312), taking into consideration 

the cell area, perimeter, cytoskeletal shape, and staining intensity, would be a valuable 

future direction of this project. Such analysis would be imperative to validate the 

preliminary findings of this study.  
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Figure 3.15. M1-, M2-, MU-, and MT-like cells can be distinguished based on CD64 and CD206 marker staining 

Healthy donor CD14+ PBMCs were cultured for 48 h with or without polarising cytokines to generate myeloid cell controls: A) M1 (LPS; IFN), B) M2 (IL-4; IL-10; 

IL-13), C) MU (media only, no cytokines), and D) MT (LPS; IFN and IL-4; IL-10; IL-13). Cultures were harvested and cell monolayers prepared by Cytospin 2. 

Myeloid cell morphology was determined by H&E staining of cell monolayers. Fluorescence microscopy of M markers: CD68 (green), CD64 (red), and CD206 

(red), with corresponding isotype controls, are shown for each myeloid cell subset. Cell nuclei were stained with DAPI (blue). E) Quantification of the integrated 

staining intensity for CD68 (left), CD64 (centre), and CD206 (right) was performed using CellProfilerTM cell image analysis software (in collaboration with Dr 

Andreia de Almeida). Images were taken using a 20X, 0.8 NA objective lens and are representative of three independent healthy donor experiments (N=3) in 

which at least five random fields of view were images per slide. Scale bar represents 50 m. Positive staining was determined at the same exposure as the 

isotype control stained cells.  
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When assessing the expression various M markers (CD68, CD206, and CD64) in 

M1/M2/MU/MT cell monolayers by immunofluorescence staining, all myeloid cells 

stained positive for CD68 in each subset, with MT controls showing a significantly 

higher staining intensity than any other M subset (Fig. 3.15E). M1-like Ms expressed 

the second highest levels of CD68, which is in keeping with previous findings (Fig. 

3.10) where M1 controls were composed of more CD68+ cells than M2 controls when 

expression was measured by flow cytometry.  

CD68 was expressed at both the plasma membrane and in the cytoplasm of cells, with 

cytosolic staining appearing diffuse (Fig. 3.15). CD64 and CD206 expression heavily 

co-localised with CD68. CD64 exhibited similar staining patterns to CD68 however, 

positive, punctate expression was also observed in the nucleus of cells stained positive 

with CD64, but not the isotype control (Fig. 3.15). High-intensity, punctate staining of 

CD206 was observed at both the plasma membrane and in the cytoplasm of positive 

cells. M1-like Ms exclusively expressed high levels of CD64 and negligible levels of 

CD206 (Fig. 3.15A). In contrast, M2-like Ms exclusively expressed high levels of 

CD206 and significantly lower levels of CD64 compared to the M1 control (Fig. 3.15B). 

Again, these imaging results support previous flow cytometry findings where M1- and 

M2-like Ms can be distinguished based on CD206loCD64hi and CD206hiCD64lo surface 

marker expression, respectively (Fig. 3.4B and Fig. 3.12B). These data reveal CD64 

and CD206 to be upregulated in the cytoplasm, as well as at the cell surface, of M1- 

and M2-like Ms, respectively.  

As observed previously, a large proportion of MU/media control Ms exhibited 

significantly higher levels of CD206 than M1-like cells (Fig. 3.15C, Fig. 3.15E, 

Appendix 3.2 and Appendix 3.5), however expression levels were significantly lower 

than that for the M2 controls. Interestingly, whilst the majority of MT control cells 

appeared positive for both CD64 and CD206, as expected, the intensity of staining was 

low, indicating that concurrently polarising myeloid cells with both M1- and M2-like 

cytokines does not upregulate CD64 and CD206 expression to the levels of the M1 and 

M2 controls, respectively (Fig. 3.15D-E). The MT-like subtype demonstrates neither a 

complete M1- or M2-like phenotype. Future research needs to determine whether this 

intermediate subtype truly reflects the plasticity of M subsets in vitro, or whether a 

more profound intermediate and transitioning M subset can be achieved with an 

optimised protocol. 

In general, LPS stimulates pro-inflammatory cytokine production from Ms. To further 

investigate the MU- and MT-like myeloid cell subsets, ICCS of TNF, IL-1 , and IFN 

was performed following stimulation of M1/M2/MU/MT control cells with LPS (Fig. 
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3.16). Detectable levels of TNF and IL-1, but not IFN, were produced by M1 pro-

inflammatory M controls upon LPS stimulation and measured using flow cytometry 

(Fig. 3.16A). TNF and IL-1 production from M subsets was then assessed at the 

whole CD14+ myeloid cell level (Fig. 3.16B) or measured from individual M1 

(CD206loCD64hi), M2 (CD206hiCD64lo), MU (CD206loCD64lo), and MT (CD206hiCD64hi) 

populations based on the quadrants of CD206 and CD64 marker expression (Fig. 

3.16C). In each instance, TNF and IL-1 production from M subsets was virtually 

undetectable in cultures not stimulated with LPS (Fig. 3.16). As expected, TNF 

production from the total CD14+ myeloid cell population was significantly lower from M2 

control Ms, compared to the M1-like Ms. Comparable levels of TNF were produced 

from M1, MU, and MT cells following LPS stimulation (Fig. 3.16). The same trends 

were observed when analysing TNF outputs from individual M1/M2/MU/MT-gated 

populations. In contrast, IL-1 production from LPS-stimulated myeloid cells was highly 

variable and no significant difference in IL-1 output was observed for any M subset 

when analysing either the total CD14+ myeloid population or individual gated 

populations (Fig. 3.16). Together, these results suggest that MU- and MT-like subsets 

may be similarly pro-inflammatory in function to M1-like Ms. Whilst MU-like myeloid 

cells appear more M2-like in phenotype, they are more M1-like based on pro-

inflammatory cytokine production. The results of this study highlight the conflicting 

nature of the M phenotype and demonstrate the importance of assessing both M 

phenotype and function in any future myeloid cell studies.   
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Figure 3.16. MU- and MT-like myeloid cells produce similar levels of TNF to that of pro-inflammatory M1-like Ms 

Healthy donor CD14+ PBMCs (4x104) were cultured for 48 h with or without polarising cytokines to generate M1 (LPS; IFN), M2 (IL-4; IL-10; IL-13), MU (media 

only, no cytokines), and MT (LPS; IFN and IL-4; IL-10; IL-13) myeloid cell controls. Cultures were stimulated with or without 500 ng/mL LPS for 1 h. Following 

treatment, Golgi Plug (1 L/mL) and Golgi Stop (0.7 L/mL) reagents were added for 4 h before myeloid cells were harvested and intracellular cytokine staining 

of TNF, IL-1, and IFN was performed by flow cytometry. A) Representative dot plots showing pro-inflammatory cytokine production from LPS-stimulated M1 

positive control Ms. No detectable levels of IFN were produced from M1 pro-inflammatory controls upon LPS stimulation. TNF and IL-1 production from M 

subsets B) at the whole CD14+ myeloid cell level or C) measured from individual M1 (CD206loCD64hi), M2 (CD206hiCD64lo), MU (CD206loCD64lo), and MT 

(CD206hiCD64hi) populations based on CD206 and CD64 marker expression. Values normalised against the unpolarised MU (media) control. Statistical 

analyses were carried out by applying an ANOVA with Tukey’s post-hoc test. Data given as a percentage of parent (B) live CD14+; C) live M1/M2/MU/MT) gate 

and represent mean ± SEM, calculated from N=3 biological replicates, with statistically significant differences between all conditions shown and marked as *p < 

0.05; **p < 0.01; ***p < 0.001. Data are pooled from three independent healthy donor experiments (N=3). 
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Measuring the pro-inflammatory status of spheroid-conditioned Ms 

To determine the effect of the lung cancer microenvironment on the pro- or anti-

inflammatory function of Ms, ICCS of TNF was performed following stimulation of 

heterotypic spheroid-conditioned M cultures with LPS (Fig. 3.17). Both the M2 control 

and spheroid-conditioned myeloid cells produced significantly less TNF than the 

unstimulated media control, indicating that heterotypic spheroid culture dominantly 

suppresses pro-inflammatory cytokine production from CD14+ myeloid cells, as well as 

promoting M2-like M skewing (as shown previously in this chapter) (Fig. 3.17). 

However, these data only reflect the differences in the production of one pro-

inflammatory cytokine from various M subsets and does not represent the entire 

M1/M2 M secretome (later discussed in Chapter 4). As such, the overall immuno-

suppressive or -supportive effect of tumour spheroids and spheroid-conditioned Ms on 

T cell function is explored in the next section.  

 

3.2.5 Heterotypic NSCLC spheroids do not suppress CD8+ T cell 
activity in vitro 

This study assessed a variety of T cell assays in order to measure the function of M1- 

and M2-like Ms in vitro. Previous groups have showed that M2-like Ms mediate 

Figure 3.17. Heterotypic NSCLC spheroids dampen TNF production from myeloid 

cells 

4x104 healthy CD14+ PBMCs were incubated with 1x104 total cell spheroids or were 

polarised into M1 or M2 controls for 48 h. CD14+ PBMCs were incubated without cytokines 

(48 h) to generate media controls. A) Representative dot plots showing TNF producing 

cells after CD14+ cells were treated with or without 500 ng/mL LPS for 1 h. Following 

treatment, Golgi Plug (1 L/mL) and Golgi Stop (0.7 L/mL) reagents were added for 4 h 

before myeloid cells were harvested and intracellular cytokine staining of TNF was 

performed. TNF production was analysed by flow cytometry. B) TNF induction and 

measurement as in (A). Statistical analyses were carried out by applying an ANOVA with 

Tukey’s post-hoc test. Data are represented as mean ± SEM, calculated from technical 

triplicates (n=3), with statistically significant differences between LPS-treated groups 

compared to the media control marked as *p < 0.05; **p < 0.01; ***p < 0.001. Data given as 

a percentage of parent (live CD14+) gate and are representative of two healthy donor 

experiment (N=2).  
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inhibition of T cell proliferation(240). However, proliferation is more an indication of T cell 

fitness, rather than activation and function. Therefore, this study initially assessed pro-

inflammatory cytokine production from T cells using CD3 CD28 T-Activator beads. 

However, no differences in TNF and IFN production from CD4+ or CD8+ T cells were 

observed when cultured with M1, M2, or media control Ms (data not shown), 

potentially since these beads act as an extremely strong stimulus and subtle 

differences in cytokine production from T cells may be difficult to observe. Additionally, 

this bead assay does not assess the additional contribution of antigen presentation, 

through MHC-TCR engagement, to T cell activation. Therefore, healthy donor PBMCs 

were stimulated with a pool of synthetic VPs and IFN and TNF production from CD4+ 

and CD8+ T cells was measured by flow cytometry (Fig. 3.18A).  

This experimental approach has been used successfully by us(141, 142, 258, 275, 316, 317) and 

by other groups(276, 318, 319) to assess physiological T cell activation. It is based on 

reactivating existing memory T cells with cognate antigens. As described in the 

Materials and Methods, T cells were first stimulated with the VPs for 6 days, which 

allows expansion of the relevant specific clones. This is followed by a re-stimulation 

with the peptides which allows the detection of cytokine production by these T cells, 

indicative of antigen-specific stimulation. In contrast to TCR cross-linking by beads or 

antibodies, or mitogen stimulation, this approach provides a physiological level of T cell 

stimulation via the TCR. This method additionally harnesses the antigen-presenting 

capabilities of the Ms under study, as well as other APCs within the explant system 

(e.g. tumour cells). 

The differential effects of M1- and M2-like Ms on T cell function 

Preliminary data showed that 24 h polarisation with M1- and M2-promoting cytokines 

was sufficient to generate M1/M2 controls (Appendix 3.6) and as a result, was used in 

all optimisation experiments to limit assay culture time. In brief, M1, M2, and media 

control Ms, polarised from healthy donor CD14+ myeloid cells, were pulsed/loaded 

with VPs (5 g/mL) and co-cultured with T cells (CD14- PBMCs) for 6 days. Cultures 

were re-stimulated with VP-pulsed whole autologous PBMCs or VP alone prior to ICCS 

to reactivate memory T cell responses. Cultures that had not been stimulated with VP 

produced negligible levels of both IFN and TNF (Appendix 3.7 and Fig. 3.18A). In 

all healthy donor T cell experiments, the VP pool dominantly stimulated pro-

inflammatory cytokine production from CD8+ T cells (Appendix 3.7 and Fig. 3.18A).  
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Re-stimulation of T cell co-cultures with VP-pulsed PBMCs, compared to adding VP 

alone, demonstrated an increased level of pro-inflammatory cytokine production from 

CD8+ T cells cultured with M1 and media control Ms, resulting in greater differences 

with differences between M1- and M2-like Ms being observed (Appendix 3.7). 

However, in both instances, IFN and TNF production from CD8+ T cells was 

Figure 3.18. M2-like Ms suppress pro-inflammatory CD8+ T cell responses 

Healthy donor CD14+ PBMCs (1x104) were polarised into M1- or M2-like M controls (24 h) 

or incubated without cytokines to generate media controls. M cultures were immediately 

loaded with 5 g/mL viral peptide pool (VP stimulated) or DMSO (unstimulated) for 1 h. 

Autologous CD14- PBMCs (T cells) were cryopreserved until required, before being added to 

M co-cultures (1x105) or to medium (T cells only) and incubated for 6 days. Cultures were 

re-stimulated with VP at day 6 to reactivate memory T cell responses. Intracellular cytokine 

staining of IFN and TNF levels in T cells was performed and analysed by flow cytometry. 

A) Representative flow cytometry dot plots demonstrating pro-inflammatory cytokine 

production (++ = double positive staining) from CD4+ and CD8+ T cells. B) Summary of the 

proportion of (i) IFN+, (ii) TNF+, and (iii) IFN+TNF+ production from CD8+ T cells 

following 6-day culture with M1-, M2, or unpolarised Ms. Values normalised against the 

unpolarised media control. Statistical analyses were carried out by applying an ANOVA with 

Tukey’s post-hoc test. Data given as a percentage of parent (live CD8+) gate and represent 

mean ± SEM, calculated from a maximum of N=5 biological replicates, with statistically 

significant differences between VP-stimulated groups compared to the media control 

and marked as *p < 0.05; **p < 0.01; ***p < 0.001. Data are pooled from five independent 

healthy donor experiments (N=5). 
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significantly lower in the presence of M2-like Ms, compared to M1 and media control 

Ms (Appendix 3.7 and Fig. 3.18B). The results of this chapter demonstrate that M2-

like Ms suppress peptide-specific CD8+ T cell responses in vitro, in the presence and 

absence of pulsed PBMCs. In conclusion, to preserve PBMC number, which are 

limited, especially in patient experiments, T cell cultures were re-stimulated with VP 

alone on day 6.  

Assessing localised immunosuppression in the lung TME, in vitro 

To determine the extent of tumour-mediated immunosuppression in the heterotypic 

spheroid model, IFN+TNF+ cytokine production was measured from CD8+ T cell 

cultures. In order to assess the additional immunosuppressive effects of TCMs, and to 

enable comparisons to be made between the spheroid and explant model, Ms were 

cultured with tumour or polarising cytokines for 48 h since this is the minimum time 

required to generate adequate M1 and M2 controls from patient CD14+ PBMCs 

(determined in Chapter 4). Heterotypic spheroids alone did not suppress CD8+ T cell 

function in vitro; similar levels of pro-inflammatory cytokine production from T cell 

cultures were seen in the presence and absence of spheroid conditioning (Fig. 3.19A). 

Although heterotypic spheroids were observed to promote M2-like M polarisation and 

TNF production from Ms cultures, spheroid-conditioned M cultures did not 

significantly supress IFN+TNF+ production from T cells, showing similar levels of 

cytokine production to that of M1 control Ms, media control Ms, or complete medium 

(T cells Only) (Fig. 3.19B). It is likely that any immunosuppressive properties of TCMs 

were masked in this assay, due to the dominant pro-inflammatory effects exerted by 

the heterotypic spheroids alone.  

Since the heterotypic spheroid model is generated from tumour cell lines and healthy 

lung fibroblasts, both of which do not fully recapitulate the highly aggressive nature of 

the lung TME in situ, this thesis explored the additive immunosuppressive effects of 

heterotypic spheroids containing CAFs, derived from NSCLC tissue (confirmation of 

tumour histological subtype shown in Chapter 4, Fig 4.1), compared to healthy lung 

fibroblasts. CAF characterisation is shown in Fig. 3.20). Additionally, it is not clear from 

the initial T cell experiments whether the TCMs additionally contribute to the 

development of an inflammatory TME. As such, future studies included removing 

heterotypic spheroids from spheroid-conditioned M cultures prior to T cell addition to 

distinguish between tumour and M-specific modulation of T cell activity (Fig. 3.21).    
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Figure 3.19. Heterotypic tumour spheroid-conditioned M cultures are not immunosuppressive  

Heterotypic tumour spheroid were co-cultured with healthy donor CD14+ PBMCs (1x104) for 48 h to enable M polarisation. Myeloid cells were polarised into M1- 

or M2-like M controls or incubated without cytokines to generate media controls. M cultures were immediately loaded with 5 g/mL viral peptide (VP) pool for 1 

h. VP-stimulated spheroids, without exogenously added Ms, were established in parallel. Autologous CD14- PBMCs (T cells) were cryopreserved until required, 

before being added to spheroid and/or M co-cultures (1x105) or to medium (T cells only) and incubated for 6 days. Cultures were re-stimulated with VP at day 6 

to reactivate memory T cell responses. Intracellular cytokine staining of IFN and TNF levels in T cells was performed and analysed by flow cytometry. 

Proportion of double positive pro-inflammatory cytokine production (IFN+TNF+) from CD8+ T cells (N=3) following 6-day incubation with A) spheroids alone or B) 

spheroid-conditioned M cultures. Values normalised against T cells Only (A) or unpolarised media controls (B). Statistical analyses were carried out by applying 

a paired T test (A) or ANOVA with Tukey’s post-hoc test (B). Data given as a percentage of parent (live CD8+) gate and represent mean ± SEM, calculated from 

N=3 biological replicates, with statistically significant differences between all conditions shown and marked as *p < 0.05; **p < 0.01; ***p < 0.001. Data are pooled 

from three independent healthy donor experiments (N=3). 

 

 

 



      Chapter 3: Development and characterisation of a multi-component NSCLC spheroid model 

161 
 

Primary CAF cultures were established from freshly resected NSCLC tissue by growing 

tissue explants (~1mm3) in 10% RPMI medium to allow for fibroblasts to adhere to the 

plastic and expand. AGFB cultures were compared to fibroblasts obtained from two 

adenocarcinoma patients (1660; 4939) and one squamous cell carcinoma patient 

(5131). Primary stromal cells exhibited the classic spindle-like fibroblast morphology 

and stained positive for the fibroblast marker vimentin(320) (Fig. 3.20A and Fig. 

3.20B(i)). In contrast, the absence of desmin(320) and cytokeratin 19(321) or CK (pan-

cytokeratin), markers of smooth muscle cells and epithelial NSCLC cells, respectively, 

indicate the high fibroblast purity of these cultures (Fig. 3.20A and Fig. 3.20B(iii)). 

Both myofibroblast and non-myofibroblast CAFs exist in the TME, with alpha-smooth 

muscle actin (SMA) and FAP acting as the principle markers for each population, 

respectively(322). Both of these markers are commonly used to differentiate subsets of 

CAFs from healthy tissue fibroblasts. 

This study demonstrated that both CAFs and healthy fibroblasts expressed high levels 

of FAP (52.1-92.0%), with patient 4939 expressing the least (Fig. 3.20B(ii)). This is 

supported by the observation that 4939 cultures expressed the highest levels of SMA 

at baseline, indicating that primary stromal cells from patient 4939 are mainly 

myofibroblast-like CAFs (Fig. 3.20C). CAFs derived from primary prostate cancer 

biopsies have previously been shown to express similarly high levels of SMA at 

baseline(52, 320). SMA expression was negligible on fibroblasts from all other cultures 

(Fig. 3.20C). Whilst AGFB appeared to be non-myofibroblast CAFs, based on high 

FAP expression, controversies surround the tumour-specific nature of FAP as a non-

myofibroblast-like CAF maker(322), potentially explaining the high levels of this marker 

on healthy lung fibroblasts. Additionally, previous macrophage studies have avoided 

the use of healthy fibroblasts as a negative CAF control since the high serum content 

(10% FBS) of the medium used to culture myeloid cells has been reported to naturally 

promote a fibroblast phenotype commonly associated with cancer and wound 

healing(47). Since fibroblasts were maintained in 10% FBS-containing RPMI medium, 

the short-term growth arrest of cells (24 h culture in FBS-limiting conditions) prior 

staining may not have been sufficient to downregulate expression of FAP induced by 

previously high serum-containing culture conditions.  
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TGF is a key player in promoting non-myofibroblast to myofibroblast differentiation(320, 

323, 324), and previous studies have demonstrated the increased expression of SMA on 

fibroblasts following treatment with TGF(324). No upregulation of SMA on AGFB was 

observed following treatment with TGF, potentially since different healthy lung 

fibroblast cells were used in this study (AG02603) compared to those used by Webber 

Figure 3.20. CAF characterisation prior to spheroid culture  

Cancer-associated fibroblasts (CAFs; 1660; 4939; 5131) and healthy lung fibroblasts 

(AGFB) were maintained in routine RPMI culture medium containing 10% FBS, prior to 

assay setup. Fibroblasts (2.5x104) were cultured in 10% RPMI until 80% confluent, prior to 

growth arrest in FBS-limiting conditions (24 h) and experimental setup. A) Cells were fixed 

and stained for vimentin, desmin, cytokeratin 19, or corresponding isotype controls (green). 

Cell nuclei were stained with DAPI (blue). Staining was visualised by fluorescence 

microscopy. B) Cells were harvested and stained for vimentin, fibroblast activation protein 

(FAP), and pan-cytokeratin (CK) by flow cytometry. Data given as percentage of parent (live 

cells) gate. C) Growth arrested fibroblasts were treated for 72 h with or without 10 ng/mL 

recombinant TGF before being fixed. Cells were stained for SMA (green), nuclei were 

stained with DAPI (blue), and visualised by fluorescence microscopy. All images were taken 

using a 20X, 0.8 NA objective lens and are representative of two independent healthy donor 

experiments (N=2) in which at least three random fields of view were imaged per well 

(duplicate wells per condition). Scale bar represents 50 m. Positive staining was 

determined at the same exposure as the isotype control stained cells.  

 

 



      Chapter 3: Development and characterisation of a multi-component NSCLC spheroid model 

164 
 

et al.(324)(AG02262) (Fig. 3.20C). In contrast, SMA expression was increased on 4939 

and 5131 CAFs, but not 1660 CAFs, upon exogenous TGF treatment, indicating these 

primary cells are more susceptible to environmental influences and myofibroblast 

differentiation. Cancer-associated myofibroblasts have been associated with a more 

aggressive TME and have been shown to support tumour growth and invasion(280, 281). 

As such, CAFs from patients 1660 and 4939 were used in future heterotypic spheroid 

functional experiments with H522 cells, alongside healthy AGFB, to better represent 

CAF heterogeneity and aggressiveness within the lung TME. 

In most instances, the removal of spheroids from M cultures prior to VP stimulation 

and T cell addition had no significant effect on cytokine production from T cells (Fig. 

3.21). A significant reduction in IFN+TNF+ production from T cells was only observed 

in H522/1660FB-conditioned M cultures where spheroids had been removed from 

culture, compared to when they remained in culture, prior to T cell addition. However, 

in all cases where spheroids were removed from M cultures following polarisation, no 

significant suppression of pro-inflammatory cytokine production from T cells was 

achieved compared to the unpolarised M (‘media’) control (Fig. 3.21). These data 

suggest that heterotypic tumour spheroids do not promote T cell suppression in either 

the presence or absence of Ms.  
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In conclusion, these results indicate that no tumour-mediated or TCM-mediated 

immunosuppression was observed in the lung TME established using the heterotypic 

spheroid model. Therefore, the tumour spheroid model reported in this chapter may not 

truly reflect the dominant immunosuppressive nature of the lung TME. Future chapters 

will explore an alternative, patient-derived explant model of early-stage NSCLC, which 

Figure 3.21. Neither tumour-mediated nor TCM-mediated suppression of CD8+ T cell 

responses were observed in the heterotypic spheroid model 

Heterotypic tumour spheroids were co-cultured with healthy donor CD14+ PBMCs (1x104) for 

48 h to enable M polarisation. Myeloid cells were polarised into M1- or M2-like M controls 

or incubated without cytokines to generate media controls. Heterotypic spheroids either 

remained in culture or were removed from tumour-conditioned M (TCM) cultures in order to 

assess the M-specific modulation of T cell activity. Thereafter, M cultures were 

immediately loaded with 5 g/mL viral peptide (VP) pool for 1 h. Autologous CD14- PBMCs 

(T cells) were cryopreserved until required, before being added to M co-cultures (1x105) or 

to medium (T cells only) and incubated for 6 days. Cultures were re-stimulated with VP at 

day 6 to reactivate memory T cell responses. Intracellular cytokine staining of IFN and 

TNF levels in T cells was performed and analysed by flow cytometry. Proportion of double 

positive pro-inflammatory cytokine production (IFN+TNF+) from CD8+ T cells (N=3) 

following 6-day incubation with M cultures. Values normalised against the unpolarised 

media control. Statistical analyses were carried out by applying a two-way ANOVA with 

Bonferroni post-hoc test. No statistical analyses were performed on the no spheroid controls 

since these acted as biological controls and not experimental arms. Data given as a 

percentage of parent (live CD8+) gate and represent mean ± SEM, calculated from technical 

triplicates (n=3), with statistically significant differences between the ‘removed’ and 

‘remained’ conditions for each group shown and marked as *p < 0.05; **p < 0.01; ***p < 

0.001. Data are representative of two healthy donor experiment (N=2). 
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better reflects the cellular heterogeneity and complexity of an original tumour, and its 

ability to model tumour-mediated and TCM-mediated immunosuppression in the lung 

TME. 

3.3 Discussion  

M2-like Ms have been shown to promote an immunosuppressive TME, which 

supports tumour growth and invasion, and subsequent disease progression, in in vitro 

and in vivo models of NSCLC(100, 105). The data shown in this chapter, supports previous 

findings, describing a dynamic interplay between stromal, tumour, and immune 

components within a heterotypic NSCLC model, resulting in tumour-mediated M2-like 

M polarisation(239). This chapter suggests that the heterotypic spheroid model may not 

fully recapitulate the complex tumour-immune interactions within the lung TME, since 

localised spheroid-mediated immunosuppression was not achieved in vitro. 

Inconsistencies in human M culture  

The optimal conditions used to study M1/M2 polarisation of human Ms in vitro are 

inconsistent and limited, with the myeloid cell type and stimuli for M differentiation 

varying between research groups(292). Whilst PMA-treated monocytic cell lines, such as 

THP-1 cells, are recognised as good M models, some differences between THP-1 and 

primary MDMs have been reported. Due to their high sensitivity to culture conditions, 

particularly to duration of stimulation and cell density, MDMs are the more relevant 

myeloid cell type used in human M studies(292, 325). In support of previous findings, the 

results contained in this chapter showed that cytokine unstimulated PMA-treated THP-

1 cells (media controls) did not express CD206 or HLA-DR, but that CD206 was highly 

expressed by unstimulated primary Ms which were differentiated from monocytes 

using GM-CSF(291). Similar trends in marker expression were observed between 

unstimulated THP-1 Ms and primary CD14+ cells which had not been pre-treated with 

GM-CSF. However, this study observed that THP-1 cells did not consistently polarise 

into M1/M2-like Ms, unlike with CD14+ PBMCs, so were not the appropriate myeloid 

cell type to be used in future experiments. This indicates the need for an autologous 

tumour-immune system to be established in future patient explant-derived M 

polarisation models, so that the heterogeneity of myeloid cells in the TME is better 

accounted for and explored.  

Additionally, there appears to be no consensus protocol for primary human M 

polarisation, with some researchers inducing M1 and M2 subsets with GM-CSF/M-CSF 

or Th1 (LPS/IFN) and Th2 (IL-4/IL-13/IL-10) cytokines alone(46, 239), and others using a 

combination of the two(292, 293). The most widely used protocol for generating M1 and 
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M2 Ms is the pre-differentiation of monocytes into M0 or un-committed Ms using GM-

CSF or M-SCF, respectively, prior to M1/M2 polarisation with Th1/Th2 cytokines. 

However, controversy still surrounds the pre-differentiation step, with studies having 

demonstrated that M1/M2 polarisation, and the expression of particular phenotyping 

markers in vitro, is dependent on the presence of Th1/Th2 cytokines and not GM-

CSF/M-CSF(293, 296). Indeed, there have been reports that M-CSF is not M2 lineage-

specific, and that it can promote both M1 and M2 marker expression, whereas GM-

CSF has been shown to have no effect on M1/M2 marker expression compared to 

CD14+ cells not treated with this glycoprotein(296).  

Subsequently, to limit the culture time of the model, the pre-differentiation of monocytes 

to Ms was not performed but rather, primary myeloid cells were immediately 

stimulated with M1/M2-promoting cytokines or tumour/stroma-containing spheroids 

following CD14+ cell isolation from whole PBMCs. The unstimulated media control 

myeloid cells used in this study are referred to as MU (‘unpolarised myeloid cells’) as 

opposed to M0, due to the uncertainty of marker expression and function, as well as 

M-specificity, surrounding this nomenclature(296).  

The interplay between fibroblasts and myeloid cells 

CD14+
 PBMCs incubated with fibroblast-containing spheroids were skewed into a more 

M2-like state than those incubated with homotypic H522 spheroids. Such findings may 

be explained by the release of chemokines such as M-CSF from activated fibroblasts 

upon M co-culture(326, 327). A positive feedback loop is then established where secreted 

growth factors stimulate alternatively activated ‘M2-like’ Ms to synthesise and secrete 

soluble factors, such as PDGF(326) and TGF1(326, 327) which, in turn, feedback to 

fibroblasts and promote their activation. In the TME, stromal cells are activated to form 

CAFs(297, 328). As such, normal lung fibroblasts are activated to become cancer-

associated in the presence of lung adenocarcinoma cells which explains the dominant 

M2-like M skewing effect observed by heterotypic, compared to homotypic, tumour 

spheroids in the NSCLC spheroid model. However, since homotypic AGFB spheroids 

promoted the greatest degree of spheroid-mediated M2-like M polarisation, this theory 

only in part explains the findings of this study.  

A subset of CAFs exhibit a myofibroblast-like phenotype, which develops following the 

differentiation of local fibroblasts in the TME into myofibroblasts, following increased 

mechanical stress(329, 330) or stimulation with soluble(329, 330) or cancer-derived exosome-

tethered(320, 324) TGF1 within the TME. As reported both in this chapter and by Kuen et 

al.(240), the addition of fibroblasts to spheroid culture resulted in the formation of more 

tightly compacted spheroids compared to homotypic tumour spheroids. Therefore, the 
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increase in cellular adhesion and mechanical stress that is generated upon spheroid 

formation, particularly in highly compact stroma-containing spheroids, may aid in 

explaining the findings of this study. Future research should compare healthy lung 

fibroblasts to patient-derived CAFs, in 2D monolayer and 3D spheroid models, to 

determine their differential effects on M phenotype. Whilst it is believed that spheroid 

tightness may influence myeloid cell migration in the TME(240), future studies should 

additionally assess the effect on spheroid tightness on influencing M function. 

The caveats of myeloid phenotyping markers: the art of uncertainty 

Similarly to M differentiation and polarisation protocols, there is no consistency in the 

markers used to phenotype M1- and M2-like M subsets. The extensive panels of 

phenotyping markers reported in the literature are largely unhelpful since many 

markers can be differentially expressed on both M1- and M2-like Ms under different 

conditions and time points. In these instances, the breadth of phenotyping markers 

developed to assess M polarisation only aid in convoluting the system further. For 

example, the common marker of M2-like Ms, arginase, has also been reported as a 

late M1-like marker, if expression is measured 24 h post-cytokine stimulation, 

demonstrating a temporal plasticity in M polarisation states(331). If measured too early, 

the expression of certain markers would not be detectable, potentially explaining the 

CD163 expression results of this study contradicting those reported in the literature. 

Additionally, studies have reported that distinct M1/M2 M populations are not present 

in vivo, but instead, such populations are artefacts of the extreme polarising conditions 

created by exogenous cytokine treatment in vitro(332, 333). For example, Ms would not 

encounter these isolated M1/M2-promoting cytokines in vivo as they have in vitro. 

Within the TME, the M phenotype displays a remarkable plasticity, with Ms 

expressing a host of various M1- and M2-like markers at any given point(327). As such, 

TAMs have been reported to posess an intermediate M phenotype, expressing both 

M1- and M2-like M markers, and secreting a plethora of cytokines, within the TME(334).  

In conclusion, determining the immuno-suppressive or -supportive function of Ms 

within the TME is the only way to confidently determine their active status, since the 

markers used to phenotype M1/M2 subsets are extremely controversial. Unfortunately, 

functional assays are rarely performed in a human system in M studies, limiting the 

biological relevance of the findings. For example, many studies have demonstrated the 

phenotypic plasticity of TCMs by successfully re-polarising them into an M1-like state 

using IMAs(239, 335). However, the successful release of M-induced immunosuppression 

by these drugs has yet to be fully investigated. This study successfully assessed both 
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the phenotype and function of TCMs in a heterotypic NSCLC spheroid model. Contrary 

to the data presented in this chapter, previous studies have reported the heterotypic 

spheroid-conditioned M-mediated, as well as M2-mediated, suppression of CD4+ and 

CD8+ T cell proliferation using a pancreatic cancer model(240). However, this thesis is 

the first to study T cell activation and function, rather than fitness (proliferation) as 

shown by Kuen et al.(240), in a 3D cancer model. Additionally, the same study 

demonstrated that tumour spheroids alone, in the absence of Ms, were not 

immunosuppressive in vitro, supporting the conclusions of this chapter that the 

heterotypic tumour spheroid model may be a simplification of the TME since no 

tumour-mediated immunosuppression could be achieved in vitro. 

CD163 as an M2-specific marker  

CD163 is a member of the scavenger receptor cysteine-rich family and is exclusively 

expressed by myeloid cells, mostly commonly anti-inflammatory non-classical 

CD14+CD16+ monocytes and M2-like Ms(336). Expression of this receptor is promoted 

by M-CSF, IL-6, and IL-10, but is suppressed by GM-CSF and pro-inflammatory 

cytokines such as LPS, TNF, and IFN. It is possible that following 48 h culture, the 

high CD163 expression on unstimulated myeloid cells was partly a contribution from 

the non-classical monocytes within this cell population. Most likely however, based on 

the low frequency of intermediate/non-classical monocytes within the unstimulated 

myeloid population, cells were naturally skewed into an M2c-like M state in the 

absence of exogenous stimuli. To date, an explanation for this has not previously been 

reported, but findings are likely linked to the production of homeostatic soluble factors 

by myeloid cells, including TNF and IL-10, and an imbalance between these 

antagonistic cytokines(336). Although a cytokine more dominantly produced by pro-

inflammatory Ms, IL-6, as a multi-functional cytokine, has also been shown to exert 

anti-inflammatory effects on myeloid cells through upregulation of CD163 

expression(336). This could, in part, explain the M2-like phenotype of the unstimulated 

myeloid cells.  

Rebelo et al.(239) demonstrated that both homotypic and heterotypic tumour-containing 

NSCLC spheroids skewed monocytes into an M2-like Ms based on surface marker 

expression of CD163 and CD206. However, in support of the findings of this chapter, 

CD163 was not an M2-specific marker since <50% of spheroid-conditioned M 

appeared CD163+ following co-culture(239). Additionally, since limited studies use M1 

and M2 positive controls when deciphering the M1/M2 skewing potential of the TME, 

the utility and specificity of CD163, as well as other M phenotyping markers, as an 

M2-lke M marker is unclear(46, 336). Reported levels of CD163 expression in myeloid 
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cells detected using flow cytometry are highly variable and antibody-dependent. For 

example, higher levels of CD163 have been detected on monocytes when using 

monoclonal antibodies which recognise the N-terminal, compared to C-terminal, region 

of the receptor(337). The same study reported antibody binding affinities to be dependent 

on the concentration of extracellular calcium present when staining. In the clinic 

however, CD163 is the most commonly used M2-like M marker where TAM subtypes 

are defined using CD68 (pan-M marker), iNOS (M1) and CD163 (M2) antibodies, 

respectively(338, 339). A potential explanation for this is that commercially-available 

CD163 antibodies are better optimised for immunohistochemistry (IHC) than flow 

cytometry since IHC requires additional antigen retrieval processing steps, enabling the 

better exposure and detection of the protein of interest. Taken together, these data 

suggest that flow cytometry may not be the most optimal method of assessing CD163 

surface expression on myeloid cells. Additionally, CD163 may be a more important 

marker for deciphering the resident TAM or TCM status ex vivo, from patient samples, 

compared to in an in vitro system. Subsequently, the ability of CD206, CD64, and 

CD163 to determine the M phenotype within the lung TME will be explored in future 

experiments, using NSCLC samples received from the Wales Cancer Bank.  

Simultaneous multi-marker analyses 

Based on the preliminary data shown in this chapter, it is clear that single marker 

expression analyses are insufficient to classify M1- and M2-like Ms. This, together 

with inconsistencies in M phenotyping markers, indicates the need for a combinational 

marker approach to better distinguish M subsets. Tarique et al.(292)  demonstrated M1-

like Ms could be distinguished based on CD64+CD80+ expression (~60-70%, 

depending on Th1 stimulus) and M2-like Ms based on CD11b+CD209+ expression 

(~65-70%, depending on Th2 stimulus). This study further defined the M2 phenotype 

as CD200R+ based on simultaneous multi-marker analyses (50% of CD11b+CD209+ 

were also CD200R+). In summary, this thesis advocates the use of simultaneous multi-

marker analyses when defining M phenotypes. Additionally, the points discussed here 

strengthen the argument that categorising M subsets into only M1- and M2-like may 

be underestimating and oversimplifying the plasticity of the M phenotype.  

Tarique et al.(292) observed that M0 Ms were CD64+(CD80-), whereas un-stimulated 

myeloid cells were reported as CD64lo in this chapter. However, marker positivity was 

gated arbitrarily based on the isotype control being negative(292). Since flow cytometry 

gating is subjective, CD64 expression on their Th1-stimualted cells could more 

confidently be split into a CD64lo and CD64hi population, rather than a CD64+ and 

CD64hi population(292). Upon doing this, their M0 and M2-like Ms would appear CD64lo, 
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whilst IFN-stimulated M1-like Ms would appear CD64hi, similar to the findings of this 

chapter. However, upon addition of LPS to the Th1 cytokine stimuli, M1-like cells 

appeared ‘CD64lo’(292). Whilst this does not support the M polarisation results 

described in this chapter, this study pre-differentiated Ms into an M0 state prior to 

polarisation(292). As is evident from the results shown above, stimulation of CD14+ 

PBMCs with GM-CSF largely effects CD64 expression. This may help to explain the 

differences observed in CD64 expression between this thesis, and those reported in 

the paper.  

Invasion of space: the role of cell-cell contact in the tumour 

microenvironment in mediating M polarisation  

CD64 (or Fc receptor I) is constitutively expressed on myeloid cells including primary 

monocytes and Ms, as well as myeloid-derived cell lines THP-1, HL-60, and U937(295, 

340). Expression can be induced further on myeloid cells following stimulation with IFN 

or GM-CSF (~4-5-fold)(295). CD64 binds to its biological ligand, monomeric IgG, which is 

commonly released from B cells of the immune system, but has also been reported to 

be expressed by cancer cells as a mechanism of promoting tumour cell growth and 

proliferation(341). Upon binding of IgG ligands to the CD64 receptor, these CD64-IgG 

immune complexes are internalised to the endosomal compartment of the cell and 

through a positive feedback loop, and rapidly recycled to the cell surface. However, the 

presence of cytokines such as IFN induces the rapid clustering of the receptor on the 

cell membrane. This enables more rapid internalisation and recycling of the receptor to 

the cell membrane, to facilitate new receptor signalling and clustering; strongly 

increasing receptor expression. Therefore, CD64 expression is predominantly 

regulated by cytokines and soluble factors and not cell-cell contact, supporting the 

results shown in Fig. 3.12. CD163 expression was also observed to be more soluble 

factor-dependent than cell-cell contract dependent. This is supported by its biological 

nature as a scavenger receptor, since CD163 is known to bind to small molecules 

secreted into the local cellular environment, particularly haemoglobin as its main 

ligand(342).  To date, there have been no reports of CD163 expression being regulated 

by cell-cell contact.    

Finally, MHCI (HLA-A, HLA-B, and HLA-C) molecules on tumour cells are able to 

interact with various receptors on Ms and promote M2-like M skewing(343). In 

particular, both inhibitory and activating leukocyte immunoglobulin-like receptors 

(LILRs) on Ms have been associated with Th2-type cytokine responses (LILRBs and 

LILRAs, respectively). Upon binding of LILRBs and LILRAs on Ms to MHCI on tumour 

cells, Ms have been reported to be skewed into an M2-like state through upregulation 
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of arginase-1 expression, following the increased production of IL-4/IL-13 from tumour 

cells(343). Therefore, due to the importance of cell-cell contact for the function of Ms as 

APCs, it is unsurprising that a more dominant M2-like tumour-promoting effect was 

observed following the physical contact of myeloid cell receptors with molecules (most 

likely MHCI) on tumour/stroma-containing spheroids.   

Conclusion  

In conclusion, this thesis reports, for the first time, the use of CD206 and CD64 in 

combination in order to distinguish M1- and M2-like M populations using a 

simultaneous two-marker analysis approach. Importantly, this study developed and 

characterised an optimised multi-component NSCLC spheroid model and confirmed 

that the lung TME dominantly skews CD14+ myeloid cells into an M2-like state in this 

3D context. It is evident from the findings of this thesis that phenotyping markers alone 

are not sufficient to fully conclude the dynamic role of Ms in the lung TME but instead, 

understanding the effect of TCMs on pro-inflammatory T cell function is paramount. 

This study showed that spheroid-conditioned M cultures were not capable of 

mediating localised suppression of T cell activity using the heterotypic NSCLC spheroid 

model, potentially as a result of spheroids alone creating a dominant pro-inflammatory 

TME. Future studies will explore M-mediated T cell immunosuppression ex vivo using 

a complex patient-derived explant model of NSCLC to determine whether this system 

can better mimic the immunosuppressive nature of the lung TME in situ.  
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3.4 Appendix 

 

 

 

 

 

Appendix 3.1. Representative gating strategy for CD14+ PBMC and THP-1 

M polarisation experiments  

A(i) Doublet exclusion, (ii) leukocyte size inclusion, and (iii) CD14+ inclusion gating for 

healthy donor CD14+ PBMCs. B(i) Doublet exclusion, (ii) leukocyte size inclusion, and (iii) 

CD14+ inclusion gating for the monocyte-derived cell line, THP-1. CD14+ cells given as a 

percentage of parent (size inclusion) gate. Unstained cells were used as a negative gating 

control for all markers. 

 



      Chapter 3: Development and characterisation of a multi-component NSCLC spheroid model 

174 
 

 

 

 

 

 

Appendix 3.2. Representative gating strategy for the homotypic and heterotypic cell 

spheroid experiments  

A)(i) Doublet exclusion, (ii) leukocyte size inclusion, and (iii) CD14+ inclusion gating for 

healthy donor CD14+ PBMCs. CD14+ cells given as a percentage of parent (size inclusion) 

gate. B) Percentage gating for M1 controls for (i) CD64 high, (ii) CD23 high, (iii) CD206 

high, (iv) HLA-DR high, (v) CD80 high, and (vi) CD163 high myeloid cells. Single marker 

expression results given as a percentage of parent (CD14+ inclusion) gate. Unstained cells 

were used as a negative gating control for all markers.  



      Chapter 3: Development and characterisation of a multi-component NSCLC spheroid model 

175 
 

 

 

 

Appendix 3.3. Representative gating strategy for the CD14 positive/negative selection kit immune cell characterisation experiments 

A) The flow cytometry gating hierarchy and B) gating strategy workflow used to identify the various immune cell populations present in the different cell fractions 

before and after separation using the selection kits. Doublet cells were excluded, and the single, live leukocytes were included for future analyses. The separate 

CD3+CD14- (T cells), CD14+CD3- (myeloid cells), CD19+CD56- (B cells), and CD56+CD19-CD14- (NK cells) populations were gated based on two-marker 

expression analyses, and percentage expression analysed as a percentage of parent [live: CD3+CD14-; CD14+CD3-; CD19+CD56-] or grandparent [live 

CD56+CD19-CD14-] gate. Unstained cells were used as a negative gating control for all markers.   
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Appendix 3.4. Representative quadrant gating of myeloid cells following 48 h culture  

Representative CD206hi/loCD64hi/lo quadrant (two-marker) gating denoting unpolarised (MU) 

myeloid cells, M1-like Ms, M2-like Ms, and transitional (MT) CD14+ myeloid cells before 

culture (T=0) or after 48 h culture with (T=48GM) or without (T=48) GM-CSF pre-treatment. 

Data given as a percentage of parent (live CD14+) gate. Unstained cells were used as a 

negative gating control for all markers. CD64-PerCP/Cy5.5 and CD206-BV421 fluorescence 

minus one (FMO) controls were additionally used to advise placement of quadrant gates. 
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Appendix 3.5. Representative gating strategy for determining myeloid cell maker 

expression in the optimised spheroid model 

A) The gating strategy workflow used to identify and select the myeloid cell population for 

further marker expression analyses. Doublet cells were excluded, and the single, live CD14+ 

PBMCs were gated as the final myeloid cell population. Proportion of CD14+ cells given as a 

percentage of parent (live leukocyte) gate. B) Percentage of marker expression gating for 

M1 and M2 controls for (i) CD64 high, (ii) CD23 high, (iii) CD206 high, (iv) CD200R high, (v) 

PDL-1 high, and (vi) CD163 high myeloid cells. Single marker expression results given as a 

percentage of parent (live CD14+ inclusion) gate. C) CD206hi/loCD64hi/lo quadrant (two-

marker) gating denoting unpolarised (MU) myeloid cells, M1-like Ms, M2-like Ms, and 

transitional (MT) myeloid cell populations for (i) H522, (ii) AGFB, and (iii) H522/AGFB 

spheroid-conditioned myeloid cells, as well as (iv) M1, (v) M2, and (vi) media control Ms. 

Two-marker analyses given as a percentage of parent (live CD14+ inclusion) gate. Unstained 

cells were used as a negative gating control for all markers. CD64-PerCP/Cy5.5 and CD206-

BV421 fluorescence minus one (FMO) controls were additionally used to advise placement 

of quadrant gates. 
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Appendix 3.6. Representative quadrant gating of myeloid cells following 24 h 

polarisation, prior to T cell culture   

CD206hi/loCD64hi/lo quadrant (two-marker) gating denoting unpolarised (MU) myeloid cells, 

M1-like Ms, M2-like Ms, and transitional (MT) myeloid cell populations for M1, M2, and 

media control Ms following 24 h polarisation. Two-marker analyses given as a percentage 

of parent (live CD14+ inclusion) gate. Unstained cells were used as a negative gating control 

for all markers. CD64-PerCP/Cy5.5 and CD206-BV421 fluorescence minus one (FMO) 

controls were additionally used to advise placement of quadrant gates. 
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Appendix 3.7. Similar trends in T cell responses were observed following re-stimulation of cultures with VP-pulsed PBMCs or VP alone 

Healthy donor CD14+ PBMCs (1x104) were polarised into M1- or M2-like M controls (24 h) or incubated without cytokines to generate media controls. M 

cultures were immediately loaded with 5 g/mL viral peptide pool (VP stimulated) or DMSO (unstimulated) for 1 h. Autologous CD14- PBMCs (T cells) were 

cryopreserved until required, before being added to M co-cultures (1x105) or to medium (T cells only) and incubated for 6 days. Cultures were re-stimulated 

with VP at day 6 to reactivate memory T cell responses. VP was added to cultures either through the addition of VP-pulsed autologous PBMCs, or VP alone. 

Intracellular cytokine staining of IFN and TNF levels in T cells was performed and analysed by flow cytometry. Summary of the percentage of IFN+, TNF+, 

and IFN+TNF+ production from A) CD4+ or B) CD8+ T cells following 6-day culture with M1-, M2, or unpolarised Ms. Statistical analyses were carried out by 

applying a two-way ANOVA with Bonferroni post-hoc test. Data given as a percentage of parent (A) live CD4+ or B) live CD8+) gate and represent mean ± SEM, 

calculated from technical triplicates (n=3), with statistically significant differences between all conditions shown and marked as *p < 0.05; **p < 0.01; ***p < 

0.001. Data are representative on one healthy donor experiment (N=1). 
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4 Investigating M polarisation and function ex 
vivo using a novel NSCLC explant model 

4.1 Introduction  

Moving away from the sub-optimal heterotypic spheroid model, this chapter focuses on 

determining the phenotype and function of Ms in the lung TME in situ and their 

behaviour ex vivo. To achieve this, a novel human tissue explant model of early-stage 

NSCLC(249-252) was established using primary lung tumour tissue, aiming to closely 

reflect the lung TME in patients as much as possible.  

4.1.1 Isolating and phenotyping immune cells isolated from 
tumour tissue  

The most common methodologies for isolating immune cells from solid tumours and 

tissues are through: mechanical dissociation (e.g. using implements such as 

scalpels/scissors), straining sections through a filter (40-70 M pore), enzymatic 

digestion with collagenase I-IV, or a combination of the above(344-349). Poor cellular 

viability following enzymatic digestion of patient material has previously been observed 

in the lab, as well as reported in the literature(346, 349). Therefore, only mechanical 

dissociation and tissue straining methodologies were investigated in this study to 

assess immune cell content in lung cancer samples. Whilst this approach preserves 

viability, its limitations include potentially missing those individual cells entrapped in the  

extracellular matrix and in multicellular aggregates that might be liberated if using an 

enzymatic approach. 

Following isolation, leukocytes were identified based the expression of CD45(347, 348),  

and the following phenotypes within the leukocyte population were assessed: CD3 (T 

cells)(347, 348, 350), CD19 (B cells)(347, 348, 350), CD14 (myeloid cells)(347, 348), and CD56 (NK 

cells)(347, 348, 350). Using the same leukocyte markers, in addition to a separate flow 

cytometric antibody panel to identify, define, and quantify M and MDSC subsets, this 

study assessed the immune cell composition in freshly resected tissue in order to fully 

determine the myeloid cell contribution and inflammatory status within tumour tissue. 

4.1.2 The assessment of explant health 

The assessment of tissue health is necessary for determining the success and 

effectiveness of ex vivo culture. H&E staining of OCT compound-embedded/frozen(351) 

or formalin-fixed paraffin embedded (FFPE)(196, 352) tumour explants and slices is the 

most common method for determining structural integrity and architecture of the tissue. 

These methods are not suited to track longitudinal changes in the tissue in culture as 
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they are destructive methods and are technically challenging, due to the minute size of 

the explants. As such these approaches have only been reported to be used at the end 

of explant culture(196, 351, 352). Therefore, it is not possible to distinguish between 

architectural differences induced by culture or initial explant cutting unless intermediate 

observations are made during culture. The assessment of cell proliferation and death 

have previously been used as indicators of explant health. Again however, this is often 

an endpoint assay, where explants are FFPE following culture and assessed for the 

level of Ki67 expression(196, 249, 352-354), indicative of cell proliferation, or DNA 

fragmentation (using the terminal deoxynucleotidyl transferase dUTP nick end labelling 

(TUNEL) assay)(249, 352, 354) and cleaved Poly (ADP-ribose) polymerase 

(PARP)(196)/cleaved caspase 3(352-355) expression, indicative of apoptosis.  

To date, the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, 

which measures mitochondrial activity as a function of viable cells, is the only 

technique which has been used to perform a viability time-course for long-term explant 

culture (0-14 days)(351, 355). Whilst a variety of other metabolic-based assays have been 

used to measure explant viability, including the Alamar Blue(353) and WST-1(352) assays, 

there remain concerns surrounding the ability of these reagents to fully penetrate the 

tissue to provide an accurate viability reading. This study reports the use of the 

CellTiter-Glo® 3D Cell Viability Assay (Promega), a metabolic assay developed to 

provide “robust penetration into microtissues”, to successfully measure ATP 

production, and subsequent viability, over 8 days explant culture. In support of this, live 

imaging of tissue explants using DRAQ fluorescent probes was also performed for 

short-term culture (up to 48 h). 

4.1.3 Subtypes and function of Ms exposed to NSCLC explants 

In NSCLC, TAMs are often broadly characterised by the expression of the pan-M 

marker CD68(105, 356), or poorly characterised by the expression of single M2-defining 

markers such as CD23, CD206, and CD163. The expression of these markers, 

however, heavily fluctuate with chemical stimuli and environmental pressures(100, 357), as 

discussed previously, and cannot be entirely relied on as a modality for defining M2-like 

Ms. Here, the novel two-marker analysis approach, optimised in Chapter 3, was used 

to simultaneously differentiate between M1- and M2-like Ms within the lung TME; 

based on CD206loCD64hi and CD206hiCD64lo expression, respectively. Moreover, this 

study assessed the TCM-mediated suppression of T cell activity in the lung TME, using 

a NSCLC tissue explant model. This approach has not been reported in an ex vivo lung 

cancer model before.  
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M1- and M2-like Ms rapidly secrete chemokines and cytokines following stimulation. 

However, the nature of the stimulus and downstream signalling pathways related to 

soluble factor synthesis and release is highly regulated; the timings and volume of 

secretion is transient and cytokine/chemokine-specific(358). As such, this thesis 

assessed a panel of 13 M-related cytokines and chemokines to comprehensively 

profile the M1- and M2-like M secretome to determine the inflammatory status of the 

lung TME using this explant model.  

4.1.4 Aims and objectives 

In this chapter, the phenotypic and functional nature of Ms present within early-stage 

human lung cancer tissue is investigated, to better understand the overarching 

influence of this microenvironment on the behaviour and plasticity of these immune 

cells.  

As such, this chapter set out to address the following research question: 

What is the effect of the lung TME on M phenotype and function ex vivo? 

To answer the research question, the work surrounded three primary objectives: 

1) Characterise the immune profile of early-stage NSCLC including resident 

immune cells and the immune secretome, with a special emphasis on myeloid 

cells. 

2) Develop and optimise a patient-derived tissue explant model of the lung TME. 

3) Assess the effects of the explant model on M polarisation, function, and T cell 

activation ex vivo.  

4.2 Results 

4.2.1 Characterisation of immune cells in NSCLC tissue 

Histological assessment  

To assess the initial tissue architecture, and to confirm the presence and histological 

subtype of NSCLC, tissue samples were H&E stained. The formal clinical staging and 

histological diagnosis data for each sample were later provided by the Department of 

Cellular Pathology. However, it could not be assumed that the small tissue specimen 

received is always representative of the surgically resected tumour, as sampling of this 

nature is notoriously heterogeneous. To counter this issue, H&E stained cryosections 

from the centre and margin of each tissue sample received were assessed. Histological 

analysis of these were conducted in a blinded fashion by an NHS pathologist 

(Professor Richard Attanoos). 
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Each tissue specimen was categorised, based on histological subtype, as squamous 

cell carcinoma (Fig. 4.1A) or adenocarcinoma (Fig. 4.1B), by the pathologist. 

Squamous cell carcinomas develop from the flat, squamous cells which line the larger, 

bronchial airways of the lungs, and are commonly associated with the presence of 

keratinisation and intercellular bridges in well differentiated cases(359, 360) (Fig 4.1A). In 

contrast, well differentiated lung adenocarcinomas are known for their tubular/glandular 

tumour structures, since these tumours originate from the mucus-secreting glands of 

the lung and tend to develop in smaller airways such as alveoli(360) (Fig. 4.1B). As 

such, tumour clusters are commonly found near/alongside airways in squamous cell 

carcinomas, and alveoli in adenocarcinomas (Fig 4.1A-B). In both subtypes, nuclear 

pleiomorphisms (irregularly-shaped and -sized nuclei, with varying chromatin 

granularity, known as heterochromia), as well as increased mitotic events, are common 

indicators of the presence of cancer(361, 362) (Fig. 4.1).  

High levels of immune infiltrates were observed in the tumour clusters, stroma, and 

non-cancerous lung tissue in all cases. In all but one case, the samples were confirmed 

to contain NSCLC (the same histological subtype as confirmed by the Department of 

Cellular Pathology) at either the centre or margin of the sample received (Table 4.1). 

The tissue specimen received from patient 1660 was confirmed as ‘necrotic tissue’, 

meaning no defined cellular tumour compartments or confirmed histological tumour 

subtype could be determined for this patient. In 9/14 cases, tumour was found at both 

the centre and margin of the samples received. Therefore, it could be concluded that 

the majority of tissue used in explant experiments contained cancerous material.
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Figure 4.1. Tissue architecture assessment and tumour confirmation prior to explant culture  

Tissue samples received from all NSCLC patients included in this study (N=14) were H&E stained in order to confirm the presence of tumour and to assess the 

initial tissue architecture prior to explant culture. A portion of the centre and margin of each tissue sample received from the Wales Cancer Bank were flash 

frozen in OCT compound and cryosectioned prior to H&E staining. All H&E sections were assessed blind by an NHS pulmonary pathologist. H&E stained 

samples of confirmed A) squamous cell carcinoma and B) adenocarcinoma patients following routine clinical diagnosis of the surgically resected material are 

shown. The confirmation of histological subtype, as well as the identification of tumour and additional components (labelled) at both the centre and invasive 

margin of each research NSCLC patient sample was performed. Images were taken using a 10X, 0.3 NA objective lens at both the centre and margin of the 

patient sample received. Representative image of the whole tissue sections are shown in which at least four random fields of view were imaged per patient 

condition. Scale bar represents 100 m. (A, alveolar tissue; AW, airways; I, immune infiltrates; K, keratinisation; M, mitotic event; N, necrosis; NP, nuclear 

pleiomorphisms; P, pseudostratified epithelium; S, stroma; T, tumour; V, vasculature).  

(B)  
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Squamous cell 
carcinoma 

cases 

Patient/Sample number 

5131 4852 4831 4841 5157 4899 4836 5178 2308 

Presence 
of cancer 
in sample 
received? 

Centre ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✘ ✔ 

Margin ✔ ✔ ✘ ✔ ✘ ✘ ✔ ✔ ✔ 

 

Adenocarcinoma 

cases 

Patient/Sample number 

1660 4939 4898 2780 5794 

Presence of 
cancer in 
sample 

received? 

Centre --- * ✔ ✔ ✔ ✔ 

Margin --- * ✔ ✔ ✔ ✔ 

 

 

Table 4.1. Confirmation of NSCLC histological subtype and presence of tumour in patient samples  

Summary table indicating the presence or absence of tumour at the centre or margin of all research samples included in this study (N=14), listed based on 

confirmed squamous cell carcinoma and adenocarcinoma cases by the Department of Cellular Pathology during clinical diagnosis. *Sample highly necrotic that 

no tumour structures could be observed or confirmed. 
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Phenotype and gene expression of immune cells in NSCLC 

Exploring the overall cell constituents obtained from NSCLC tissue 

Immediately following receipt of surgically resected tissue, cells were isolated from 

NSCLC samples for phenotyping. Cells were isolated in the following three ways: 1) 

collection of cells released in transport media following dissection of the research 

samples from the main surgical sample, 2) collection of ‘wash cells’ from tissue 

dissociated by mechanical dissection using a scalpel, and 3) collection of single cells 

following dissociated tissue strained through a 40 m filter. A combination of cells from 

the above isolation procedures (‘pooled fractions’) were used thereafter, aiming to fully 

represent the cells obtained from the tissue.  All three isolated cell fractions were 

phenotyped for the presence of various cellular, immune, M and MDSC populations 

by flow cytometry. Representative gating strategies are shown in Appendix 4.1, 

Appendix 4.2, Appendix 4.3, and Appendix 4.4, respectively). 

The percentage of live epithelial cells, fibroblasts (particularly CAFs), leukocytes, and 

myeloid cells obtained from the tissue was first assessed. No significant differences in 

the mean proportions of CK (0.36-0.87%), FAP (0.17-0.8%), CD45 (87.0-90.9%), and 

CD14 (2.8-9.8%) positive cells were observed for any of the three individual fractions 

(Fig. 4.2A) Overall, when pooling the fractions, leukocytes were the most common cell 

type present (82.0%), 12.4% of which were CD14+ myeloid cells (Fig. 4.2B). Epithelial 

cells and CAFs were not readily detected at the protein level (2.6% and 0.3%, 

respectively).  

The NanoString Technologies platform was used to investigate the expression of 770 

immuno-oncology-related genes in primary NSCLC tissue using the PanCancer IO360 

nCounter® Gene Expression Panel. This panel was used to simultaneously screen and 

detect cancer- and immune-related genes which may be pivotal to the functioning of 

the lung TME. Specific genes of interest for tissue characterisation studies (cell, 

immune, M, and MDSC markers) were selected and analysed for use in this chapter. 

RNA was extracted from NSCLC tissue fragments collected from the centre and margin 

of the samples, and pooled prior to tissue processing for cell phenotyping (washing or 

straining). NanoString Technologies platforms use microscopic detection of multi-

coloured fluorescent probes (also known as molecular barcodes) to provide a readout 

of discrete mRNA transcript counts(284).  

At the RNA level, FAP expression (mRNA count 242.7) in NSCLC tissue samples was 

similar to that of CD45 (PTPRC) (mRNA count 203.2) and CD14 (mRNA count 288.6) 

(Fig. 4.2C). Pan-cytokeratin (KRT) mRNA expression in tissue was not assessed since 

cytokeratin genes were not included in the IO360 panel and therefore, mRNA counts 
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could not be generated for these targets. It is evident that the tissue processing method 

used in this thesis is not suited to the isolation of tumour epithelial cells and fibroblasts. 

Low levels of these cellular components indicate limited liberation of these from the 

tissue, irrespective of straining through a filter.  
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Figure 4.2. Phenotyping of cell types present in NSCLC tissue 

Cells were isolated from NSCLC tissue immediately after receipt following surgical resection. Cells present in the transport medium included cells those which 

had been released into the transport medium following dissection of the research sample from the main diagnostic sample at the Department of Cellular 

Pathology. ‘Wash cells’ were isolated by the mechanical dissection of tissue into ~300x300x300 m sized pieces using a scalpel, followed by the wash and 

collection of dissociated cells using fresh RPMI medium. Filtered cells were obtained though the straining of ~3x3x3 mm sized pieces of tissue through a 40 m 

filter using the end of a 1 mL syringe plunger. Filters were rinsed with RPMI medium following straining in order to recover all cells. All three isolation processes 

were combined in order to generate a pooled sample for cell type phenotyping. The percentage of pan-cytokeratin (CK) high, fibroblast activation protein (FAP) 

high, CD45 positive, and CD14 positive cells from the A) ‘transport media’, ‘wash cells’, and ‘filtered cells’ fractions, as well as from the B) pooled fractions, were 

analysed by flow cytometry. Symbols represent the mean protein expression (of triplicate measures) for each patient, with lines displaying the grand mean of the 

overall dataset (all patients). Data given as a percentage of the ‘live cells’ gate and are pooled from up to thirteen independent NSCLC samples (N=13). 

Statistical analyses of the differences between the means of each protein marker for ‘transport media’, ‘wash cells’, and ‘filtered cells’ were carried out by 

applying an ANOVA with Tukey’s post-hoc test, with statistically significant differences marked as *p < 0.05; **p < 0.01; ***p < 0.001. 

RNA was extracted from NSCLC tissue fragments collected from the centre and margin of the samples received, and pooled. Quantification of transcripts of 770 

onco-immune-related genes were performed using the NanoString PanCancer IO360 nCounter® gene expression panel with NanoString Technologies nSolverTM 

analysis software. C) Absolute mRNA counts for KRT (CK), FAP, PTPRC (CD45), and CD14, normalised to endogenous positive controls and housekeeping 

genes, are plotted for each of nine (N=9) patients. mRNA counts were thresholded as present above the geometric mean of the endogenous negative controls 

(16.5). Symbols represent the mean mRNA counts (of singlet measures) for each patient, with lines displaying the grand mean of the overall dataset (all 

patients). n/a values represent genes which were not included in the IO360 panel and therefore, genes for which mRNA counts could not be generated for. No 

statistical analyses were performed on the mRNA expression data since only basic phenotyping of one experimental arm was carried out. 
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Defining the leukocyte populations within NSCLC tissue 

To explore the immune cell composition in the tissue further, the proportion of T cells, 

myeloid cells, B cells, and NK cells obtained from the tissue were+ analysed by flow 

cytometry. Again, no significant difference in the mean percentage of T cells 

(CD3+CD14-; 8.2-31.2%), myeloid cells (CD14+CD3-; 0.5-1.9%), B cells (CD19+CD56-; 

1.0-6.5%), or aaava0 2-like cells (CD56+CD19-;1.4-10.7%) was observed between the 

‘transport media’, ‘wash cells’, or ‘filtered cells’ fraction (Fig. 4.3A). T cells were the 

most common immune cells released from NSCLC tissue when assessing the pooled 

fractions (18.8%). CD14 was added as a marker to differentiate between activated Ms 

and NK cells expressing CD56+CD19- using three-marker analyses. CD14- cells 

accounted for 39.6% of the pooled CD56+CD19- population (NK-like cells: 1.7%) and 

since negligible proportions of CD56+CD19-CD3+ cells were observed, 1.0% of tissue-

resident immune cells were identified as NK cells. Myeloid cells (5.2%) and B cells 

(7.5%) therefore represent a minor proportion of resident immune cells (Fig. 4.3B).  

Quantification of RNA, based on the NanoString platform, showed that in whole tissue 

fragments, CD3 T cells (CD3D; mRNA count 227.9) and monocytes/Ms (CD14; 

mRNA count 288.6) were the most prevalent immune cell populations (Fig. 4.3C). 

mRNA expression of CD19 was moderate (2.1x lower than CD14) and NCAM1 (CD56), 

CD8A/CD8B and CD4 was low (3.1-8.2x lower than CD14). RNA levels of common 

regulatory Treg markers, FOXP3 and IL2RA (CD25)(363), were also low (12.4x and 5.2x 

lower than CD14, respectively). However, activated T cells can also express FOXP3 

and CD25(364) and therefore, accurate mRNA quantification of Tregs in the tissue was 

not possible using the NanoString IO360 gene expression panel. NSCLC tissue 

displayed high levels of IL7R (CD127; mRNA count 541.8), a marker expressed at high 

levels on naïve/effector T cells and low levels on Tregs(363, 365) (Fig 4.3C). 
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Figure 4.3. Phenotyping of immune cells present in NSCLC tissue  

Cells were isolated from NSCLC tissue immediately after receipt following surgical resection. Cells present in the transport medium included cells those which 

had been released into the transport medium following dissection of the research sample from the main diagnostic sample at the Department of Cellular 

Pathology. ‘Wash cells’ were isolated by the mechanical dissection of tissue into ~300x300x300 m sized pieces using a scalpel, followed by the wash and 

collection of dissociated cells using fresh RPMI medium. Filtered cells were obtained though the straining of ~3x3x3 mm sized pieces of tissue through a 40 m 

filter using the end of a 1 mL syringe plunger. Filters were rinsed with RPMI medium following straining in order to recover all cells. All three isolation processes 

were combined in order to generate a pooled sample for immune cell phenotyping. The percentage of CD3 positive (T cells), CD14 positive (myeloid cells), CD19 

positive (B cells), and CD56 positive (NK cells) cells from the A) ‘transport media’, ‘wash cells’, and ‘filtered cells’ fractions, as well as from the B) pooled 

fractions, were analysed by flow cytometry. Symbols represent the mean protein expression (of triplicate measures) for each patient, with lines displaying the 

grand mean of the overall dataset (all patients). Data given as a percentage of the ‘live cells’ gate and are pooled from up to thirteen independent NSCLC 

samples (N=13). Statistical analyses of the differences between the means of each protein marker for ‘transport media’, ‘wash cells’, and ‘filtered cells’ were 

carried out by applying an ANOVA with Tukey’s post-hoc test, with statistically significant differences marked as *p < 0.05; **p < 0.01; ***p < 0.001. 

RNA was extracted from NSCLC tissue fragments collected from the centre and margin of the samples received, and pooled. Quantification of transcripts of 770 

onco-immune-related genes were performed using the NanoString PanCancer IO360 nCounter® gene expression panel with NanoString Technologies nSolverTM 

analysis software. C) Absolute mRNA counts for CD3D/CD3E/CD3G (CD3), CD14, CD19, NCAM1 (CD56), CD8A/CD8B (CD8), CD4, FOXP3, IL2RA (CD25), 

and IL7R (CD127), normalised to endogenous positive controls and housekeeping genes, are plotted for each of nine (N=9) patients. mRNA counts were 

thresholded as present above the geometric mean of the endogenous negative controls (16.5). Symbols represent the mean mRNA counts (of singlet measures) 

for each patient, with lines displaying the grand mean of the overall dataset (all patients). n/a values represent genes which were not included in the IO360 panel 

and therefore, genes for which mRNA counts could not be generated for. No statistical analyses were performed on the mRNA expression data since only basic 

phenotyping of one experimental arm was carried out. 
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Assessing the presence of Ms, and their polarisation status in NSCLC tissue  

The main focus of this thesis is the exploration of myeloid cells and their role within the 

lung TME. As such, the presence of various M populations, as well as mMDSCs, 

isolated from NSCLC tissue was assessed.  

Differences in the mean proportions of CD206hi (10.8-21.6%), CD64hi (29.9-40.0%), 

CD163hi (12.1-12.8%), CD23hi (1.6-7.2%), PDL-1hi (3.2-4.7%), or CD200Rhi (10.1-

14.6%) expressing CD14+ myeloid cells were not significant for any of the three 

individual fractions (Fig. 4.4A-C(i)). Similarly, the percentage of M1- (22.8-34.8%), M2- 

(1.4-6.4%), MU- (51.0-58.8%), and MT-like (9.6-17.3%) CD14+ cells remained similar 

for all fractions (Fig. 4.4A-C(ii)). These categories have been described in Chapter 3. 

CD64 and CD163 were the most highly expressed M markers in the pooled tissue 

fractions (53.7±41.0% and 43.2±28.7% of cells, respectively), followed by CD206, 

CD200R, PDL-1, and CD23 (Fig. 4.4D(i)). However, CD163 and CD64 clearly 

exhibited high variation across the donors (Fig. 4.4D(i)). Therefore, overall Ms in the 

tumour tissue appeared predominately MU- (40.8%) and M1-like (38.4%) (Fig. 

4.4D(ii)). M2- and MT-like cells constituted a minority of the myeloid cell population 

present in pooled tissue fractions (1.7% and 19.2%, respectively). 

On an individual patient basis, 2/8, 0/8, 3/8, and 1/8 tissue samples contained M1-, M2-

, MU-, and MT-like myeloid cells, respectively. Interestingly, 2/8 samples (patients 

1660; 2308) contained a mixture of both M1- and MT-like cells.  

Using the NanoString RNA quantification approach, CD14 (myeloid cells) and CD68 

(pan-M) genes were present at moderate levels in NSCLC tissue (mRNA counts 

288.6 and 355.9, respectively) (Fig. 4.4E).  

CD163 was also highly expressed in tissue at the RNA level (mRNA count 650.8) and 

in agreement with above, showed a high variation in expression across the donors. 

However, FCGR1A (CD64) gene expression was lower than both CD163 and MRC1 

(CD206) (mRNA counts 143.4 vs. 650.8 and 264.6). PDL-1 (CD274) expression was 

similarly low in whole NSCLC tissue at the RNA level (Fig 4.4E). Since cancer cells are 

also known to express PDL-1 on their surface as well as on APCs following IFN 

stimulation(366), CD274 mRNA expression here simply demonstrates the low average 

expression of this immune-checkpoint molecule in the TME, in whole NSCLC 

specimens. CD23 (FCER2) and CD200R (CD200R1) mRNA expression in tissue was 

not assessed since these genes were not included in the IO360 panel and therefore, 

mRNA counts were not generated for these targets. 
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Figure 4.4. Phenotyping of M populations present in NSCLC tissue  

Cells were isolated from NSCLC tissue immediately after receipt following surgical resection. Cells present in the transport medium included cells those which 

had been released into the transport medium following dissection of the research sample from the main diagnostic sample at the Department of Cellular 

Pathology. ‘Wash cells’ were isolated by the mechanical dissection of tissue into ~300x300x300 m sized pieces using a scalpel, followed by the wash and 

collection of dissociated cells using fresh RPMI medium. Filtered cells were obtained though the straining of ~3x3x3 mm sized pieces of tissue through a 40 m 

filter using the end of a 1 mL syringe plunger. Filters were rinsed with RPMI medium following straining in order to recover all cells. All three isolation processes 

were combined in order to generate a pooled sample for M phenotyping. The percentage of CD206 high, CD64 high, CD163 high, CD23 high, PDL-1 high, and 

CD200R high myeloid cells (CD14+) isolated from the A(i) ‘transport media’, B(i) ‘wash cells’, and C(i) ‘filtered cells’ fractions, as well as from the D(i) pooled 

fractions, were analysed by flow cytometry. The proportion of M1-like Ms, M2-like Ms, MU-like myeloid cells, and MT-like myeloid cells from the A(ii) ‘transport 

media’, B(ii) ‘wash cells’, and C(ii) ‘filtered cells’ fractions, as well as from the D(ii) pooled fractions, were simultaneously determined using two-maker analyses*.  

Symbols represent the mean protein expression (of triplicate measures) for each patient, with lines displaying the grand mean of the overall dataset (all patients). 

Data given as a percentage of the ‘live CD14+ cells’ gate and are pooled from up to thirteen independent NSCLC samples (N=13). Statistical analyses of the 

differences between the means of each protein marker for ‘transport media’, ‘wash cells’, and ‘filtered cells’ were carried out by applying an ANOVA with Tukey’s 

post-hoc test, with statistically significant differences marked as *p < 0.05; **p < 0.01; ***p < 0.001. 

RNA was extracted from NSCLC tissue fragments collected from the centre and margin of the samples received, and pooled. Quantification of transcripts of 770 

onco-immune-related genes were performed using the NanoString PanCancer IO360 nCounter® gene expression panel with NanoString Technologies nSolverTM 

analysis software. E) Absolute mRNA counts for CD14, CD68, MRC1 (CD206), FCGR1A (CD64), CD163, FCER2 (CD23), CD274 (PDL-1), and CD200R1 

(CD200R), normalised to endogenous positive controls and housekeeping genes, are plotted for each of nine (N=9) patients. mRNA counts were thresholded as 

present above the geometric mean of the endogenous negative controls (16.5). Symbols represent the mean mRNA counts (of singlet measures) for each 

patient, with lines displaying the grand mean of the overall dataset (all patients). n/a values represent genes which were not included in the IO360 panel and 

therefore, genes for which mRNA counts could not be generated for. No statistical analyses were performed on the mRNA expression data since only basic 

phenotyping of one experimental arm was carried out. *M1, CD206loCD64hi; M2, CD206hiCD64lo; MU (unpolarised), CD206loCD64lo; MT (transitional), 

CD206hiCD64hi.  
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MDSCs are an immature population of myeloid cells which have been shown to 

suppress pro-inflammatory T cells responses through a variety of mechanisms(367). 

However, the markers used to phenotype human MDSCs are controversial and thought 

to be cancer type-specific(82). MDSCs were originally identified as CD33+(82), a broad 

marker of the myeloid lineage, however, the complexity of MDSC phenotyping lies in 

the heterogeneity of this myeloid cell population. Researchers have previously 

attempted to standardise the nomenclature and characterisation of MDSCs; according 

to the ‘Minimal phenotypic characteristics’ needed to identify MDSC subsets(114), 

mMDSCs are characterised by CD14+CD11bhiCD15lolo/-HLA-DRlo/- expression. No 

significant differences in the mean proportions of HLA-DRhi (37.9-51.4%), CD11bhi 

(49.7-55.9%), or CD15hi (4.9-17.2%) cells (Fig 4.5A-C(i)), or proportion of mMDSCs 

(9.5-24.6%) (Fig 4.5A-C(ii)), was observed for any of the three individual fractions.  

When assessing the pooled fractions, the same trends were observed. Moderate 

proportions of HLA-DRhi (42.6%) and CD11bhi (34.5%), and lower proportions of CD15hi 

(14.2%) myeloid cells were isolated from tumour tissue (Fig 4.5D(i)), culminating in 

only 4.5% of tissue-resident CD14+ cells being characterised as mMDSCs (Fig. 

4.5D(ii)). In cancer, gMDSCs (CD14-CD11bhiCD15hiHLA-DRlo/-)(114, 368), compose at 

least 80% of all tumour-resident MDSCs(369) and therefore, it is important to assess the 

contribution of these non-myeloid cells to the overall immunosuppressive nature of the 

NSCLC TME. The percentage of gMDSCs present in individual fractions (0.4-4.7%), as 

well as pooled tissue fractions (1.7%), were lower than mMDSCs and not significantly 

different (Appendix 4.5), indicating that, in all likelihood, these gMDSCs do not greatly 

influence/contribute to localised immunosuppression.  

On their own, HLA-DR(A/B1/B5), CD11b, CD15 are broad markers for APCs (including 

cancer cells)(370) and/or activated T cells(371), leukocytes(368), and granulocytes(368), 

respectively. Therefore, the expression levels of these genes in isolation in whole 

tissue are not informative when wanting to differentiate between the presence of MDSC 

subsets and general monocytic, granulocytic, and lymphocytic populations in whole 

NSCLC samples. Therefore, these corresponding NanoString data are not shown in 

this chapter.  
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Figure 4.5. Phenotyping of mMDSCs present in NSCLC tissue  

Cells were isolated from NSCLC tissue immediately after receipt following surgical resection. Cells present in the transport medium included cells those which 

had been released into the transport medium following dissection of the research sample from the main diagnostic sample at the Department of Cellular 

Pathology. ‘Wash cells’ were isolated by the mechanical dissection of tissue into ~300x300x300 m sized pieces using a scalpel, followed by the wash and 

collection of dissociated cells using fresh RPMI medium. Filtered cells were obtained though the straining of ~3x3x3 mm sized pieces of tissue through a 40 m 

filter using the end of a 1 mL syringe plunger. Filters were rinsed with RPMI medium following straining in order to recover all cells. All three isolation processes 

were combined in order to generate a pooled sample for MDSC phenotyping. The percentage of HLA-DR high, CD11b high, and CD15 high myeloid cells 

(CD14+) isolated from the A(i) ‘transport media’, B(i) ‘wash cells’, and C(i) ‘filtered cells’ fractions, as well as from the D(i) pooled fractions, were analysed by flow 

cytometry. The proportion of monocytic MDSCs (mMDSCs) amongst CD14+ cells isolated from the A(ii) ‘transport media’, B(ii) ‘wash cells’, and C(ii) ‘filtered 

cells’ fractions, as well as from the D(ii) pooled fractions, were simultaneously determined using three-maker analyses (mMDSC, CD11bhi CD15loHLA-DRlo). 

Symbols represent the mean protein expression (of triplicate measures) for each patient, with lines displaying the grand mean of the overall dataset (all patients). 

Data given as a percentage of the ‘live CD14+ cells’ gate and are pooled from up to eight independent NSCLC samples (N=8). Statistical analyses of the 

differences between the means of each protein marker for ‘transport media’, ‘wash cells’, and ‘filtered cells’ were carried out by applying an ANOVA with Tukey’s 

post-hoc test, with statistically significant differences marked as *p < 0.05; **p < 0.01; ***p < 0.001. 
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In conclusion, cells obtained from NSCLC tissue, following gentle mechanical 

dissociation, consisted of 82.0±10.3% leukocytes (18.8±21.3% T cells, 7.5±10.0% B 

cells, 5.2±6.1% monocytes/Ms, and 1.0±1.5% NK cells). Interestingly, the myeloid 

component consisted mainly of M1- (38.4%) and MU-like (40.8%) cells, while M2- and 

MT- like cells represented about 2-20% and mMDSCs 4.5% of CD14+ cells. gMDSCs 

composed <2% of CD14- cells. The remaining percentage of cells isolated from NSCLC 

samples consisted of non-immune cell populations including CAFs and epithelial cells. 

Overall, our study showed that no difference in cell phenotypes were obtained between 

the three separate fractions (‘transport media’, ‘wash cells’, and ‘filtered cells’) and the 

pooled sample and therefore, pooled cells could ultimately be used for all future 

analyses. 

4.2.2 Development and optimisation of patient-derived tissue 
explants 

In this study an MTC was used to produce consistent tissue explant replicates, based 

on the reported successful use of this method to produce ~300m slices from 

colorectal cancer and HNSCC biopsies(352). As such, NSCLC explants, produced using 

the MTC method in this thesis (~1 mm3, as detailed in the Materials and Methods), 

were exposed to different culture conditions to optimise efficient M polarisation. The 

viability of explants was also studied. 

Optimisation of culture conditions to support M polarisation  

Tissue culture media  

Initially, differing explant culture conditions were explored to ensure optimal 

M polarisation. Previously, DMEM (4.5 g/L glucose)(196), DMEM F-12(355), RPMI-1640 

medium(252, 353), and Airway Epithelial Cell Medium(249) have been described for the 

maintenance of lung carcinoma tissue slices and explants. As such, RPMI and high-

glucose DMEM were assessed in this study since they are the most routinely used for 

cancer cell culture in the lab. Whilst the percentage of FBS used in ex vivo NSCLC 

tissue cultures has been highly variable (0-10%)(196, 249, 252, 353, 355), Karekla et al.(196) 

demonstrated that short-term NSCLC explant viability (proliferation and cell death) was 

not significantly affected by the percentage of FBS (0-5%) added to the system. 

Therefore, to best maintain human physiological conditions, as well as M health, the 

addition of bovine serum to the model was limited to 1% for short-term M polarisation 

assays.  

CD14+ PBMCs were incubated with tissue explants for 72 h to enable M polarisation. 

CD14+ cells were polarised into M1- or M2-like M controls or incubated without 
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cytokines to generate media controls (as per Chapter 3). Explant only wells were 

established to assess the resident, TAM phenotype. Co-cultures were maintained in 

1% RPMI medium or 1% DMEM as a comparison. Following polarisation in the 

presence of explants, Ms were harvested from the cultures and CD14+ cells 

phenotyped by flow cytometry (gating strategy shown in Appendix 4.6). 

The 72 h polarisation of CD14+ PBMCs in 1% RPMI medium significantly upregulated 

CD206 expression on M2-like M controls, and CD64 on M1-like M controls, 

compared to the media controls (Fig. 4.6A(i-ii)). Whilst culture in 1% DMEM also 

supported significant LPS- and IFN-induced M1-like M polarisation, the polarisation 

of Ms towards the M2-like state was limited, even in the presence of M2-promoting 

cytokines (Fig. 4.6B(i-ii)). The high expression of CD163 on media control Ms, as 

seen in Chapter 3, was observed in RPMI medium, but not DMEM (Fig. 4.6A-B(iii)). 

Culture medium did not affect the phenotype of tissue-resident TAMs, since these cells 

are already tumour conditioned, but did affect explant-induced M polarisation, with 

DMEM-cultured cells exhibiting lower expression of all M phenotyping markers (Fig. 

4.6). Given these issues when using DMEM, it was therefore clear that this was not the 

ideal choice of medium to assess M plasticity. In summary, contrary to a number of 

published reports(196, 355), RPMI was a more effective medium for supporting M 

polarisation than DMEM. 

Numbers of exogenously added CD14+ PBMC to tissue and time kinetics 

Preliminary studies demonstrated that 5x104, 1x105, and 2x105 cells per well were all 

amenable to explant-mediated polarisation. 1x105 PBMCs gave the highest levels of 

polarisation (Fig. 4.6A). Therefore, this cell dose was used in future M polarisation 

studies.  

Analysis of M phenotype at 24 h, 48 h, and 72 h revealed that unlike healthy donor 

Ms, 24 h polarisation of autologous patient-derived CD14+ PBMCs was not sufficient 

to generate adequate M1- or M2-like M controls, or to study the M skewing potential 

of the lung TME (Fig. 4.7A(i-ii)). At least 48 h culture was required to ensure significant  

M1/M2 cytokine- and explant-induced M polarisation (Fig. 4.7). Specifically, a 

significant increase in M2-like Ms (CD206hiCD64lo) was observed in explant only 

(TAM), explant-conditioned M, and M2 control cultures, compared to untreated media 

controls, at both 48 h and 72 h (Fig. 4.7A(iii-iv) and Fig. 4.7B). Therefore, all future 

patient-derived M polarisation assays were performed at 48 h. The M phenotype of 

CD14+ PBMCs before and after 48 h explant polarisation was assessed in five 

independent patient experiments. 
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Figure 4.6. RPMI supports the polarisation of patient-derived myeloid cells into M2-like M controls 

Fresh NSCLC tissue and autologous CD14+ PBMCs were obtained from patients undergoing surgical resection. 5x104, 1x105, and 2x105 CD14+ PBMCs were 

incubated with tissue explants for 72 h to enable M polarisation. CD14+ cells (1x105) were polarised into M1- or M2-like M controls or incubated without 

cytokines to generate media controls. Explant only wells were established to assess the resident, tumour-associated M (TAM) phenotype. Co-cultures were 

maintained in A) 1% RPMI medium or B) 1% DMEM as a comparison. The percentage of (i) CD206hi, (ii) CD64hi, and (iii) CD163hi cells were analysed by flow 

cytometry. Statistical analyses were carried out by applying an ANOVA with Tukey’s post-hoc test. Data represent mean ± SEM, calculated from technical 

triplicates (n=3), with statistically significant differences compared to the media control marked as *p < 0.05; **p < 0.01; ***p < 0.001. Data given as a percentage 

of parent (live CD14+) gate and are representative of one NSCLC patient experiment (N=1). 
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Figure 4.7. Time kinetics of explant-conditioned M polarisation 

Fresh NSCLC tissue and autologous CD14+ PBMCs were obtained from patients 

undergoing surgical resection. Tumour explants were co-cultured with autologous 

CD14+PBMCs (1x105) for A) 24-48 h, or B) 72 h in 1% RPMI medium to compare levels of 

M polarisation. CD14+ cells were polarised into M1- or M2-like M controls or incubated 

without cytokines to generate media controls. Explant only wells were established to assess 

the resident, tumour-associated M phenotype. The percentage of M1- (CD206loCD64hi) or 

M2-like (CD206hiCD64lo) Ms generated by explant co-culture was determine by flow 

cytometry using two-marker analyses. Percentage of tumour-conditioned M1-like Ms 

following A(i) 24 h versus A(iii) 48 h explant culture. Summary of tumour-conditioned M2-

like Ms following A(ii) 24 h versus A(iv) 48 h explant culture. B) Results were compared to 

the percentage (i) M1 and (ii) M2 outputs following 72 h explant culture from a different 

patient experiment. Statistical analyses were carried out by applying an ANOVA with 

Tukey’s post-hoc test. Data represent mean ± SEM, calculated from technical triplicates 

(n=3), with statistically significant differences compared to the media control marked as *p < 

0.05; **p < 0.01; ***p < 0.001. Data given as a percentage of parent (live CD14+) gate and 

are representative of one NSCLC patient experiment (N=1) per time point.  
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Long-term explant viability was successfully assessed using the CellTiter-
Glo® 3D Cell Viability Assay 

Explant health was assessed over short-term (48 h) and long-term (8 days) culture to 

ensure that the phenotypic, and later functional, explant-conditioned M data shown in 

this chapter were not an artefact of an apoptotic tissue environment, but were tumour-

specific(372).  

Live 3D confocal imaging of tumour explants was performed using the far-red probes 

DRAQ5TM and DRAQ7TM, to highlight the total and viable cells, respectively present in 

tumour tissue at 1 h, 4 h, 12 h, and 48 h post-culture (Fig. 4.8). Staining was performed 

using different explants for each probe. Lung tissue is notoriously red/green 

autofluorescent(373, 374). NSCLC tissue explants exhibited a strong green and red 

autofluorescence when excited at and 488 nm and 633 nm, respectively. The 

autofluorescence signal observed in this study was however useful and highly defined 

the tissue architecture, and structures surrounding tumour clusters, as previously 

reported(373) (Fig. 4.8). DRAQ5TM is a cell-permeating far-red probe which binds to the 

DNA of all cells, both live and dead, and therefore, is an indicator or total cellular 

material(278). DRAQ5TM labelled similar levels of nuclei in tumour explants at all time 

points and staining revealed highly dense cell clusters in explant material (Fig. 4.8A). 

DRAQ7TM is a non-toxic, cell-impermeable far-red probe which binds to the DNA of 

only dead cells whose cell membrane integrity is compromised(278). At each time point, 

the number and intensity of DRAQ7TM-stained nuclei appears visually lower than the 

total number of cells stained with DRAQ5TM, indicating that whilst explant material 

included a proportion of dead cells, the tissue was still viable after 48 h culture (Fig. 

4.8B). However, formal quantification of these imaging data has not yet been 

performed. Experiments need to be repeated using a larger sample size to enable the 

accurate quantification and statistical analysis of fluorescence signal outputs. 

Additionally, optimisation of DRAQ5TM and DRAQ7TM staining of the same explant in 

future would strengthen the current findings. 
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Figure 4.8. Live viability imaging of tissue explants can be achieved using DRAQ5TM and DRAQ7TM probes 

Fresh NSCLC tissue was obtained from patients undergoing surgical resection. Tissue was cut into uniform, ~1 mm3 explants using a McIlwain Chopper and 

immediately cultured in 10% RPMI medium. DRAQ5TM is a far-red probe which binds to the DNA of all cells, both live and dead, and therefore, is an indicator or 

total cellular material. DRAQ7TM is a non-toxic, far-red probe which binds to the DNA of only dead cells whose cell membrane integrity is compromised. Staining 

was performed using different explants for each probe. A) DRAQ5TM was added to explants following 1 h, 4 h, 12 h, and 48 h culture to indicate total number of 

cells present in the explant. DRAQ5TM was added in fresh medium to explants to give 2.5 M final concentration and was incubated for 30 mins at 37°C to enable 

dye penetration prior to imaging. Explants stained with the endpoint DRAQ5TM dye were discarded after imaging each time point. B) DRAQ7TM was added in 

fresh medium to explants at the beginning of culture (T=0) to give 3 M final concentration and remained in culture (37°C) throughout the time course to 

determine the number of dead cells (viability) present in the explants over time. Images were taken at 1 h, 4 h, 12 h, and 48 h post explant culture. Images were 

taken on a Confocal microscope using a 20X, 0.8 NA objective lens. Multi-dimensional acquisition was conducted to generate 3D images, which were obtained 

as a collection of Z-stacks (Z-stack interval 25 m) and projected into a 2D maximum intensity image. Autofluorescence bleed through into the green channel 

was imaged using a 488 nm laser. DRAQ5TM and DRAQ7TM signal in the far-red channel was imaged using a 633 nm laser. Images are representative of one 

patient explant experiment (N=1) in which at least five explants were imaged per condition and at least three random fields of view were imaged per explant. 

Scale bar represents 50 m. 
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To quantify explant viability better and more tractably, the rate of explant metabolism 

was explored over long-term culture. In brief, the concentration [ATP] produced by 

explants over 8 days culture was compared to levels at baseline (day 0) using the 

luminescence-based CellTiter-Glo® 3D Cell Viability Assay (Fig. 4.9). As discussed in 

Chapter 3, the CellTiter-Glo® 3D reagent simultaneously lyses cells contained in 3D 

tissues and promotes a luciferase reaction in the presence of endogenous ATP 

molecules, resulting in a proportionate luminescence signal. The [ATP] within explants 

was determined by comparing the luminescence readout against an ATP standard. It 

was hypothesised that increasing cell numbers in 3D culture would give increasing 

[ATP] readouts (more cells = higher metabolism = more ATP).  

Previously in this thesis (Chapter 3), this assay was used to quantify homotypic and 

heterotypic spheroid viability over 8-day culture. Unlike the spheroid model, where the 

same initial cell number is plated, differences in ATP levels in explants of different time 

points may be a result of differences in cell number and not ATP production from viable 

cells; i.e. the larger the explant, the higher the baseline tissue [ATP]. Therefore, it 

would be impossible to determine whether differences in metabolic readouts from 

explants accurately represent tissue viability if variability in explant size, weight, or cell 

number was not assessed(352, 353, 355). Normalisation of metabolic activity to dry tissue 

weight(351) or protein content(277) has been performed in previous studies to address this 

issue. Both live and dead/necrotic cells, present in tissue explants, would be measured 

upon dry tissue weighing. In contrast, protein quantification would only produce 

measurements from intact proteins and therefore, is more representative of the 

proportion of cells capable of metabolising in the explants. Therefore, this study 

normalised [ATP] against total explant [protein], measured using the BCA colorimetric 

assay and compared to a BSA standard. 

Initial optimisations using H522 spheroids proved our hypothesis to be correct, showing 

a significant increase in luminescence with increasing cell number for most 

experimental arms (Fig. 4.9A). This increase in luminescence was paralleled with an 

increase in spheroid BSA concentration measured using the more-sensitive BCA, but 

not Bradford, protein assay (Fig. 4.9B-C(i)). The lytic potential of CellTiter-Glo® reagent 

in releasing BSA protein from spheroids was assessed in the presence and absence of 

RIPA buffer, using both the BCA and Bradford protein assays. A significantly higher 

BSA concentration was measured from spheroids lysed with CellTiter-Glo® reagent, 

using the BCA assay, compared to RIPA buffer alone (Fig. 4.9B(ii)). RIPA buffer had 

an additive lytic effect when used together with CellTiter-Glo® reagent. Similar trends 

were observed using the Bradford protein assay however, no additive lytic effect was 

observed with RIPA (Fig. 4.9C(ii)). No significant difference in BSA concentration was 
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measured between whole or homogenised spheroids or explants, supporting the claim 

that the CellTiter-Glo® 3D Cell Viability Assay is optimised for its ‘robust penetration 

into (whole) microtissues’ (Fig. 4.9D). Additionally, ATP levels were not significantly 

different in whole and homogenised tissue explants (Fig. 4.9E). In conclusion, The 

BCA appeared the more sensitive and logical assay for assessing the protein content 

of 3D cultures, and was used in all whole explant viability experiments from hereon in.  
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Figure 4.9. Optimisation of the CellTiter-Glo® 3D Cell Viability Assay: normalisation of [ATP] to BSA concentration to enable long-term explant viability 

studies 

2x102, 2x103, 2x104, and 2x105 H522 cell spheroids were formed in U-bottom cell-repellent 96-well plates over 48 h. Fresh NSCLC tissue was obtained from 

patients undergoing surgical resection and was cut into uniform, ~1 mm3 explants using a McIlwain Chopper. Explants were cultured in 10% RPMI medium for 24 

h. Spheroids and explants (‘whole’) were transferred to opaque-walled 96-well plates in 100 L. Additional spheroids and explants were ‘homogenised’ into a 

single cell suspension by sonication in a water bath, followed by staining through a 40 m filter as a comparison.  

100 L CellTiter-Glo® 3D reagent was added to each well and mixed by shaking on a plate shaker for 10 mins to induce cell lysis. Plates were then incubated at 

room temperature for an additional 25 mins to allow the luminescence signal to stabilise. Luminescence (relative light units; RLU) was measured using a 

PHERAstar FS Microplate plate reader. The ATP concentration (nM) within the sample was determined by comparing the luminescence readout against an ATP 

standard. The protein content of explants was measured using a micro bicinchoninic acid (BCA) or Bradford protein assay (absorbance values read at 570 nm 

and 595 nm, respectively). The bovine serum albumin (BSA) protein concentration (g/mL) of the sample was determined by comparing the absorbance readout 

against a BSA protein standard. A) Luminescence readout of CellTiter-Glo® 3D reagent from H22 cell spheroids. B-C) BSA protein released from spheroids 

following lysis with (i) CellTiter-Glo® 3D reagent or (ii) RIPA buffer and CellTiter-Glo® 3D reagent was measured using a BCA (B) or Bradford (C) assay. D) BSA 

protein released from ‘whole’ vs ‘homogenised’ (i) spheroids and (ii) explants following lysis with CellTiter-Glo® 3D reagent was measured using a BCA assay. E) 

The levels of ATP released from ‘whole’ and ‘homogenised’ explants following lysis with CellTiter-Glo® 3D reagent are shown as (i) raw [ATP] values (nM) or (ii) 

[ATP] normalised against protein content (nM per 1 g/ml BSA protein). ([], concentration). Statistical analyses were carried out by applying a Mann-Whitney U 

test (D(ii) and E), ANOVA with Tukey’s post-hoc test (A, B(i), and C(i)), or two-way ANOVA followed by Bonferroni post-doc test (B(ii), C(ii), and D(i)). Data are 

represented as mean ± SEM calculated from technical triplicates (n=3), with statistically significant differences between all conditions within each group shown 

and marked as *p < 0.05; **p < 0.01; ***p < 0.001. Data are representative of one independent spheroid and explant experiment (N=1). 
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When assessing explant viability over long-term (8-day) culture in two independent 

patient experiments, the same trends were observed with and without normalisation to 

explant protein content, indicating a high uniformity in explant size used in both short- 

and long-term ex vivo assays (Fig. 4.10). Levels of luminescence and resultant [ATP] 

were substantially lower at baseline in explants compared to spheroids, but levels in 

the two models were similar, on average, at day 8 (Chapter 3). Explant viability was 

significantly higher following 8-day culture, compared to that at day 0, in both patient-

derived explant experiments (Fig. 4.10). Explants generated from patient 2308 

appeared more viable at all time points, demonstrating a gradual increase in viability 

over the 8 days ([ATP]: 0.4 M, day 0; 0.7 M, day 1; 0.9 M, day 2; 1.0 M, day 4; 

1.2 M day 6; 4.1 M day 8) (Fig. 4.10A). Explant viability was lower and more variable 

for patient 5794 over the duration of the time course ([ATP]: 0.1 M, day 0; 0.3 M, day 

1; 0.1 M, day 2; 0.3 M, day 4; 0.2 M day 6; 0.8 M day 8) however, only significant 

changes in viability were seen following 8-day culture.  

In conclusion, the presence of metabolically-active cells within NSCLC explants 

increased over time and was significantly elevated following 8-day culture; explant-

mediated immune responses, detailed in this chapter, are likely tumour-specific. 

 

 

 

 



Chapter 4: Investigating M polarisation and function ex vivo using a novel NSCLC explant model   

214 
 

 

 

 

  

Figure 4.10. Long-term explant viability assessment using the optimised CellTiter-

Glo® 3D Cell Viability Assay 

Fresh NSCLC tissue was obtained from patients undergoing surgical resection, cut into 

uniform, ~1 mm3 explants using a McIlwain Chopper, and cultured in 10% RPMI medium for 

0-8 days to assess long-term explant viability. On days 0, 1, 2, 4, 6, and 8, explants were 

transferred to opaque-walled 96-well plates in 100 L. 100 L CellTiter-Glo® 3D reagent was 

added to each well and mixed by shaking on a plate shaker for 10 mins to induce cell lysis. 

Plates were then incubated at room temperature for an additional 25 mins to allow the 

luminescence signal to stabilise. Luminescence (relative light units; RLU) was measured 

using a PHERAstar FS Microplate plate reader. The ATP concentration (nM) within the 

sample was determined by comparing the luminescence readout against an ATP standard. 

The protein content of explants was measured using a micro bicinchoninic acid (BCA) assay 

(absorbance values read at 570 nm). The bovine serum albumin (BSA) protein concentration 

(g/mL) of the sample was determined by comparing the absorbance readout against a BSA 

protein standard. A) Raw (i) luminescence values (RLU) and (ii) [ATP] (M), measured from 

lysed explants over 8 days. B) BSA protein-normalised (i) luminescence values and (ii) 

[ATP], measured from lysed explants over 8 days (RLU and nM per 1 g/mL BSA protein, 

respectively). ([], concentration). Data represent mean ± SEM, calculated from five technical 

replicates per patient (n=4) and are representative of two independent patient explant 

experiments (N=2). Statistical analyses were carried out by applying an ANOVA with 

Dunnett’s post-hoc test, with statistically significant differences compared to the day 0 time 

point marked as *p < 0.05; **p < 0.01; ***p < 0.001.  
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4.2.3 Tumour tissue effect on M polarisation and function in 
the explant model  

Characterising baseline M subtype distribution in patient blood by gene 
expression analysis and phenotyping  

Ms in whole patient blood were assessed prior to explant co-culture to determine their 

baseline (T=0) molecular status and phenotype so that accurate conclusions regarding 

the M skewing potential of NSCLC explants could be reached. This was done to 

determine whether the T=0 M phenotype majorly underpinned the explant polarisation 

results.   

In brief, the baseline M gene expression profiles of whole patient blood were 

assessed using the NanoString IO360 gene expression panel, as explained in section 

4.2.1. Additionally, CD14+ PBMCs were extracted from whole blood, and M marker 

expression on the surface of myeloid cells assessed by flow cytometry.  

At the RNA level, CD14 and CD68 were readily detected in the blood of all patients 

(mRNA counts 598.8 and 250.8, respectively) (Fig. 4.11A). Similarly to myeloid cell 

and pan-M marker expression, CD163 was moderately expressed in patient blood 

(mRNA count 285.9). FCGR1A (CD64) levels were low but detectable (mRNA count 

141.3), unlike MRC1 (CD206) and CD274 (PDL-1), whose expression was negligible 

(Fig. 4.11A). CD23 (FCER2) and CD200R (CD200R1) mRNA expression in whole 

blood was not assessed.  

At the protein level, CD14+ patient myeloid cells consisted of a small population of 

CD206hi (5.2%), CD23hi (0.4%), PDL-1hi (2.8%), and CD200Rhi (5.9%) cells. The 

proportion of CD163hi (51.4%) and CD64hi (77.6%) cells observed at baseline was high 

(Fig. 4.11B(i)). Whilst these results largely support the gene expression data, as seen 

with T=0 tissue phenotyping, CD64 protein expression on CD14+ PBMCs is 

considerably higher than the total blood mRNA levels, owing to M1-like Ms composing 

a minority of total cells in the blood. The marker expression findings, described here, 

support previous baseline healthy donor myeloid cell phenotyping results, discussed in 

Chapter 3. Overall, in the blood of NSCLC patients, 72.7% of circulating CD14+ cells 

appeared M1-like (CD206loCD64hi) based on two-marker analyses, with minimal 

evidence for the presence of M2-like cells (2.8%) (Fig. 4.11B(ii)). Interestingly, 20.5% 

and 3.9% of these circulating myeloid cells exhibited an MU- and MT-like phenotype, 

respectively (Fig. 4.11B(iii)).  
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Figure 4.11. Patient blood myeloid cells are predominantly M1-like  

The RNA and protein expression of M markers in patient blood was analysed. RNA was 

extracted from peripheral blood of NSCLC patients. Quantification of transcripts of 770 onco-

immune-related genes were performed using the NanoString PanCancer IO360 nCounter® 

gene expression panel with NanoString Technologies nSolverTM analysis software. A) 

Absolute mRNA counts for CD14, CD68, MRC1 (CD206), FCGR1A (CD64), CD163, FCER2 

(CD23), CD274 (PDL-1), and CD200R1 (CD200R), normalised to endogenous positive 

controls and housekeeping genes, are plotted for each of five (N=5) patients. mRNA counts 

were thresholded as present above the geometric mean of the endogenous negative 

controls (16.5). Symbols represent the mean mRNA counts (of singlet measures) for each 

patient, with lines displaying the grand mean of the overall dataset (all patients). n/a values 

represent genes which were not included in the IO360 panel and therefore, genes for which 

mRNA counts could not be generated for. B(i) Using flow cytometry, the baseline (T=0) 

expression of CD206, CD64, CD163, CD23, PDL-1, and CD200R was analysed on 1x105 

PBMCs gated for CD14 expression. B(ii) The M1- (CD206loCD64hi) and M2-like 

(CD206hiCD64lo) phenotype of these myeloid cells were determined using two-marker 

analyses. Data given as a percentage of parent (live CD14) gate and are pooled from five 

independent patient experiments (N=5). Symbols represent the mean protein expression (of 

triplicate measures) for each patient, with lines displaying the grand mean of the overall 

dataset (all patients). B(iii) Pie chart representing the proportion of T=0 CD14+ PBMCs 

exhibiting an M1-, M2-, MU-, and MT-like phenotype. No statistical analyses were performed 

since only basic phenotyping of one experimental arm was carried out. MU, unpolarised 

myeloid cells; MT, transitional myeloid cells. 
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Morphological and phenotypic assessment of M polarisation by explants  

Using the optimised explant model, both the tissue-resident endogenous TAM 

phenotype (explants only), as well as explant-conditioned M (explants + exogenous 

CD14+ PBMCs) morphology and phenotype, was assessed following 48 h culture. 

CD14+ cells were polarised into M1- or M2-like M controls or incubated without 

cytokines to generate media controls.  

Patient-derived M2-like Ms appeared the largest in size of all M subsets, exhibiting a 

flattened and irregular morphology as previously reported in this thesis, and in the 

literature(312-315). Unpolarised Ms possessed a similar large ameboid shape. In 

contrast, patient-derived M1-like Ms, similar to healthy donor experiments shown in 

Chapter 3, appeared much smaller in size and exhibited a more rounded morphology 

than other M subsets(312-315). These M1-like cells additionally possessed classic 

horseshoe-shaped nuclei, distinctive of monocytes and professional phagocytes, 

similar to that described in Chapter 3 in healthy donors. Interestingly, explant-

conditioned Ms appeared morphologically more M2- than M1-like following H&E 

staining of cytospin preparations, based on their large, irregularly-shaped appearance 

(Fig. 4.12). Additionally, explant-conditioned Ms appeared to exhibit a similar staining 

intensity to that of M2-like Ms, compared to the diffuse unstimulated media control M 

staining, however the quantification of such intensity was not performed in this thesis 

due to limitations surrounding the limited number of events (cells) per field of view 

observed in this one patient experiment. As discussed previously, quantitative analyses 

of a larger patient cohort using machine learning algorithms(312), taking into 

consideration the cell area, perimeter, cytoskeletal shape, and staining intensity, would 

be a valuable future direction of this project. Such analysis would be imperative to 

validate the preliminary findings of this study.  
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Flow cytometry analysis of surface marker expression revealed that the frequency of 

CD206hi cells increased following 48 h culture in all experimental arms (5.9-41.6%) 

(Fig. 4.13A(i)). M1 and media control groups contained the lowest frequencies of 

CD206hi cells, whereas, both TAMs and explant-conditioned Ms contained high 

frequencies of CD206hi cells, similar to that of the M2 controls. Contrastingly, whilst 

high at baseline, CD64hi myeloid cell frequencies decreased following 48 h culture with 

explants, M2-promoting cytokines, or medium only (7.9-15.9%) (Fig. 4.13A(ii)). As 

expected, CD64hi cell frequencies were highest in M cultures treated with M1-

promoting cytokines. Taken together, these results demonstrate that endogenous 

TAMs and exogenously added Ms co-incubated with explants are preferentially 

skewed into an M2- rather than M1-like state upon ex vivo culture.  

Figure 4.12. Explant-conditioned Ms are morphologically more M2- than M1-like 

following culture  

Fresh NSCLC tissue and autologous CD14+ PBMCs were obtained from patients 

undergoing surgical resection. Tumour explants were co-cultured with patient CD14+ 

PBMCs (1x105) for 48 h (T=48) in 1% RPMI medium to enable M polarisation. CD14+ cells 

were polarised into M1- or M2-like M controls or incubated without cytokines to generate 

media controls. Cultures were harvested and cell morphology determined by H&E staining 

of cell monolayers (3x104 live CD14+PBMCs) prepared by Cytospin 2. Images were taken 

using a 20X, 0.8 NA objective lens and are representative of one patient experiment (N=1) 

in which at least five random fields of view were imaged per slide. Scale bar represents 50 

m. 
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CD163 is a common M2-specific marker and was surprisingly downregulated on 

myeloid cells following 48 h culture with explants, M1/M2 polarising cytokines, or 

medium alone (16.6-19.7%) (Fig. 4.13A(iii)). Although the highest proportions of 

CD163hi cells were observed in TAM cultures (28.5%), the mean frequency of CD163hi 

cells was comparable for all treatments. CD23hi (also an M2 marker) myeloid cell 

frequencies increased upon M2-polarising cytokine treatment, but still remained low 

following 48 h culture (1.5-25.7%) (Fig. 4.13A(iv)). As such, it was difficult to reach 

conclusions regarding the M1/M2 skewing effects of tumour explant culture when using 

CD23 as a marker. Overall, these results indicate a dominant M2c-like (CD206hi), and 

not M2a-like (CD23hi), M skewing effect of the lung TME ex vivo, similarly to that seen 

with the NSCLC spheroid model in Chapter 3. 

PDL-1 expression was increased on myeloid cells upon culture, under all experimental 

conditions (13.2-79.1%) (Fig. 4.13A(v)). However, no significant difference in 

expression was observed between any experimental arm and the media control. 

Similarly, CD200R expression was upregulated on CD14+ cells following 48h culture 

with explants, M2 cytokines, or medium only (9.6-19%) (Fig. 4.13A(vi)). Whilst 

CD200R expression was highest on M2 control Ms in 4/5 patient experiments, no 

significant difference in expression was observed for any experimental arm compared 

to the untreated control. This is important because it indicates the limited value of 

CD200R as a robust marker for assessing the nature of M subtypes within the lung 

TME using either the explant model, or the heterotypic spheroid model.    
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Two-marker analyses of CD64 and CD206 revealed that TAMs, following culture, were 

composed of more M2- (CD206hiCD64lo; 28.1±25.0%) than M1-like (CD206loCD64hi; 

5.0±3.1%) Ms (Fig. 4.13B), however these M2-like M frequencies were not 

significantly higher than those found in M1 control cultures, potentially as a result of 

high inter-donor variability and TAMs within the TME being composed of a mixture of 

M subsets (Fig. 4.13C)(333, 334). Specifically, the majority of TAMs exhibited an MU-like 

phenotype (51.3%), although an additional 15.6% of TAMs appeared MT-like after 48 h 

culture (Fig.4.13C). Explant co-incubation with exogenously added CD14+ PBMCs 

increased the percentage of M2-like Ms in culture following 48 h polarisation, 

compared the M1 controls (35.2% vs 2.1%, respectively; Fig. 4.13B(ii)-C). 

Interestingly, 8.2% and 54.8% of explant-conditioned exogenous Ms appeared MT- 

and MU-like, respectively, indicating the simultaneous existence and/or development of 

multiple M polarisation states following exposure to the lung TME (Fig. 4.13C). 

When assessing the combined M phenotyping data (before and after 48 h 

polarisation) for each of the 5 patient explant experiments, CD64 and CD163 was 

downregulated on TAMs and explant-conditioned Ms following culture in ≥4/5 patients 

(Fig. 4.13D(i) and Fig. 4.13D(iii)). In contrast, CD206 expression was upregulated on 

TAMs and explant-conditioned Ms, compared to baseline, in 4/5 and 5/5 patient 

experiments, respectively (Fig. 4.13D(ii)). In summary, this study demonstrates that, 

taken out of the TME, TAMs spontaneously develop towards an M2-like phenotype. 

Figure 4.13. NSCLC explants promote M1- to M2-like M polarisation of CD14+ PBMCs 

ex vivo 

Fresh NSCLC tissue and autologous CD14+ PBMCs were obtained from patients 

undergoing surgical resection. Tumour explants were co-cultured with patient CD14+ 

PBMCs (1x105) for 48 h (T=48) in 1% RPMI medium to enable M polarisation. CD14+ cells 

were polarised into M1- or M2-like M controls or incubated without cytokines to generate 

media controls. Explant only wells were established to assess the resident, tumour-

associated M (TAM) phenotype. A) The percentage of (i) CD206 high, (ii) CD64 high, (iii) 

CD163 high, (iv) CD23 high, (v) PDL-1 high, and (vi) CD200R high cells were analysed by 

flow cytometry. B) The proportion of (i) M1- (CD206loCD64hi) or (ii) M2-like (CD206hiCD64lo) 

Ms generated by the positive/media controls, or explant co-culture, were determined using 

two-marker analyses normalised against the respective positive control. C) Pie charts 

representing the proportion of CD14+ cells exhibiting an M1-, M2-, MU-, and MT-like 

phenotype following 48 h ex vivo culture for all experimental conditions. D) Combined T=0 

and T=48 (i) CD64, (ii) CD206, and (iii) CD163 protein marker expression data for all 

patients included in the M polarisation experiments. Statistical analyses were carried out 

by applying an ANOVA with Tukey’s post-hoc test (A-B) and two-way ANOVA followed by 

Bonferroni post-doc test (D). Data given as a percentage of parent (live CD14+) gate and 

represent mean ± SEM, calculated from N=5 biological replicates, with statistically 

significant differences compared to the (A) media control, (B(i)) M2 control (B(ii)) M1 

control, or (D) all conditions within each patient experiment marked as *p < 0.05; **p < 0.01; 

***p < 0.001. Data are pooled from five independent patient experiments (N=5). MU, 

unpolarised myeloid cells; MT, transitional myeloid cells. 
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Furthermore, tumour explants exert an M2-like M skewing effect on exogenously 

added myeloid cells ex vivo. 

The plasticity of M subtypes: reversing explant-induced polarisation 

To explore the plasticity of the M1/M2 phenotype, explant-conditioned M cultures were 

treated with M1-promoting cytokines, in an attempt to reprogram explant-induced M2-

like M skewing by promoting M1-like polarisation (Explants + Ms + M1 cytokines 

group). IFN and LPS significantly decreased the proportion of M2-like Ms (35.2% vs. 

19.8%; before and after treatment, respectively), and increased M1-like Ms (1.8% vs. 

39.4%; before and after treatment, respectively), in explant-conditioned M cultures 

(Fig. 4.14A-B). The IFN/LPS-treated explant-conditioned Ms contained comparable 

proportions of M1-like Ms to that of the M1 control (Fig. 4.14A). These changes were 

associated with a significant increase in the M1 markers, CD64 and PDL-1 following 

IFN/LPS treatment, compared to the media control and untreated explant-conditioned 

M conditions (Appendix 4.7). Moreover, M1-polarising cytokine treatment resulted in 

an increase in MT-like cells (8.2% vs. 20.3%; before and after treatment, respectively) 

and decrease in MU-like cells (54.8% vs. 20.6%; before and after treatment, 

respectively) present in explant-conditioned M cultures. Taken together, these data 

further indicate that the M1/M2 classification system is an under-representation of the 

complex and changeable nature of Ms within the TME. 

In summary, the results described here demonstrate the plasticity of the M phenotype 

within the lung TME, and the capacity to reprogram explant-mediated M2-like M 

skewing using M1-promoting cytokines in order to achieve a desirable M1-like subtype 

in the TME. Importantly, this study reveals the potential for this novel NSCLC explant 

model to be used in future ex vivo immunomodulation and M reprogramming studies.  
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Figure 4.14. Explant-mediated M2-like M polarisation is reversed upon LPS and IFN 

treatment  

Fresh NSCLC tissue and autologous CD14+ PBMCs were obtained from patients 

undergoing surgical resection. To test the plasticity of the explant-induced M2-like 

phenotype, explant-conditioned M co-cultures (1x105 CD14+ PBMCs) were treated in 

parallel with or without M1-polarising cytokines (20 ng/mL IFN and 10 pg/mL LPS) for 48 h. 

M1- and M2-like M controls were established in parallel. A) The proportion of (i) M1- 

(CD206loCD64hi) or (ii) M2-like (CD206hiCD64lo) Ms generated from explant-conditioned 

M cultures (± IFN/LPS treatment), were determined using two-marker analyses 

normalised against the respective positive control. B) Pie charts representing the proportion 

of explant-conditioned CD14+ cells exhibiting an M1-, M2-, MU-, and MT-like phenotype 

following 48 h ex vivo culture in the (i) absence or (ii) presence of IFN/LPS treatment. 

Statistical analyses were carried out by applying an ANOVA with Tukey’s post-hoc test. 

Data given as a percentage of parent (live CD14+) gate and represent mean ± SEM, 

calculated from N=5 biological replicates, with statistically significant differences compared 

to all conditions marked as *p < 0.05; **p < 0.01; ***p < 0.001. Data are pooled from five 

independent patient experiments (N=5). MU, unpolarised myeloid cells; MT, transitional 

myeloid cells. 
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The M secretome remains largely unchanged upon explant co-culture  

To determine the functional consequences of Ms being exposed to NSCLC explants, 

this study measured the secretion of a panel of 13 cytokines/chemokines related to  

M1- and M2-like M states. A human Macrophage/Microglia LEGENDplexTM 

fluorescence bead-based immunoassay was used to measure (MFI; Fig. 4.15) and 

quantify (Appendix 4.8) the levels of M1- (IL-12p70; IL-12p40; TNF; IL-6; IL-1 IL-23; 

IFN CXCL10) and M2-like (IL-4; IL-10; arginase; CCL17; IL-1RA) M-associated 

soluble factors produced from cultures. For these experiments, autologous Ms were 

co-incubated with explants for 48 h, and the conditioned media was harvested. 

Cytokines associated with M1- and M2-like Ms  

The secretion of IL-12p70, IFN, and CXCL10 was significantly higher from M cultures 

treated with M1 polarising cytokines (IFN and LPS), compared to untreated cultures 

(Fig. 4.15A, Fig. 4.15G, and Fig. 4.15H, respectively). Since IFN was exogenously 

added to M1 control cultures to induce polarisation, the in vitro secretion component 

could not be determined. Production of the pro-inflammatory cytokines, IL-12p40 and 

IL-23 was significantly higher from M2 control cultures than unpolarised media control 

cultures (Fig. 4.15B and Fig. 4.15F). TNF, IL-6, and IL-1 secretion was not specific 

to M1-like Ms since secretion was higher from M2 than M1 control cultures in 50% of 

patient explant experiments (Fig. 4.15C, Fig 4.15D, and Fig. 4.15E, respectively). In 

summary, the M1-like M subset is best defined by the secretion of IL-12p70 and 

CXCL10. This secretome is specific to M1-like, but not M2-like or unpolarised, Ms.  
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The secretion of the anti-inflammatory chemokine, CCL17, was significantly increased 

following M polarisation with M2-promoting cytokines (IL-4, IL10, and IL-13) compared 

to the untreated/media control cultures (Fig. 4.15L). Levels of CCL17 secretion from 

M1 and media control cultures were similarly low. Moreover, levels of IL-4, IL-10, 

arginase, and IL-1RA secretion was comparable for all experimental arms (Fig. 4.15I, 

Fig. 4.15J, Fig. 4.15K, and Fig. 4.15M, respectively). In summary, these series of 

experiments revealed the M2-like M subset to be best defined by the secretion of 

CCL17, a chemokine not strongly secreted by M1-like or unpolarised Ms.  

Cytokine production by Ms exposed to explants 

In most instances, the production of M1- or M2-related factors remained unchanged 

upon explant culture, in the presence or absence of exogenously added Ms, 

compared to the media control (Fig. 4.15). In particular, low levels of classical pro-

inflammatory (IL-12p70, IL-12p40, TNF, IL-1, IL-23, IFN, and CXCL10), and anti-

inflammatory (IL-4, IL-10, and CCL17) factors from explant cultures were observed 

following 48 h polarisation. Interestingly, IL-1RA secretion was increased to the level of 

the M2 control in the presence of tumour explants (± Ms) in 2/4 patients (Fig. 4.15M). 

Additionally, arginase secretion was increased to the level of the M2 control in the 

presence of tumour explants, particularly in the presence of exogenous Ms, in all 

patient experiments (Fig. 4.15K). In contrast, both tumour explant and explant-

Figure 4.15. Explant culture does not impact the M secretome  

Fresh NSCLC tissue and autologous CD14+ PBMCs were obtained from patients 

undergoing surgical resection. Tumour explants were co-cultured with patient CD14+ 

PBMCs (1x105) for 48 h in 1% RPMI medium. CD14+ cells were polarised into M1- or M2-

like M controls or incubated without cytokines to generate media controls. Explant only 

wells were established to assess soluble factor secretion from tumour-associated Ms and 

other TME components. Supernatants were harvested for each condition following 48 h 

culture and frozen (-20̊C) until required, where they were thawed on ice. A Human 

Macrophage/Microglia LEGENDplexTM bead-based immunoassay was used to quantify the 

levels of 13 soluble factor targets released from the explant co-culture system over 48 h. 

LEGENDplexTM systems enable the fluorescence labelling and detection of targets in 

culture supernatants by flow cytometry. Data were analysed using LEGENDplexTM data 

analysis software and resultant mean fluorescence intensity (MFI) values for A) IL-12p70, 

B) IL-12p40, C) TNF, D) IL-6, E) IL-1, F) IL-23, G) IFN, H) CXCL10, I) IL-4, J) IL-10, K) 

arginase, L) CCL17, and M) IL-1RA were measured and normalised against the media 

control outputs. Heatmaps represent cytokine production by individual patients (4852; 4831; 

4841; 5157); green and red representing the lowest and highest MFI values, respectively (

).The concentration (pg/mL) of each target present in culture 

supernatants was determined by comparing the MFI readout against 13 individual protein 

standards (Appendix 4.6). Statistical analyses were carried out by applying an ANOVA with 

Tukey’s post-hoc test. Data represent the mean MFI (of duplicate measures) for each 

patient, with lines displaying the grand mean of the overall dataset (all patients). Statistically 

significant differences between all conditions are shown and marked as *p < 0.05; **p < 

0.01; ***p < 0.001. Data are pooled from four independent patient experiments (N=4).  
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conditioned M cultures secreted higher levels of IL-6 than M1 control Ms in 50% and 

100% of patient experiments, respectively (Fig. 4.15D).  

In conclusion, the results shown here demonstrate that tumour-resident TAMs secrete 

low levels of both pro- and anti-inflammatory factors over 48 h culture. The addition of 

explants to exogenous M culture did not appear to significantly impact the overall M 

secretome. Whilst the findings of this study may allude to the more dominant secretion 

of anti-inflammatory factors, such as arginase and IL-1RA, from explant cultures, future 

experiments need to explore this further using a larger sample size or by assessing the 

functional role of these soluble factors in T cell co-cultures in order to determine the 

biological significance of these results.  

Tumour explants are immunosuppressive in the presence and absence of 

exogenously added Ms in an autologous NSCLC patient-derived explant 
model  

To investigate both the explant-mediated and explant-conditioned M-mediated 

immunosuppression of T cell activity, explant and M cultures were loaded with a pool 

of VPs to which memory T cell responses exist in most people, and co-cultured with 

CD14- PBMCs for 6 days (experimental workflow shown in Fig. 2.5 Materials and 

Methods; method successfully used by us and reported in Coleman et al.(275), as 

explained in Chapter 3).  

Cultures were maintained in 10% FBS-containing RPMI medium to preserve the 

viability of both the immune and tumour components within the explant model over 

long-term T cell experiments.  

Pro-inflammatory cytokine production (IFN and TNF) from CD3+CD8+ and CD3+CD4+ 

T cells was assessed by flow cytometry (gating strategies shown in Appendix 4.9).  

T cell and M gene expression and phenotype profiles in patient blood  

To identify the baseline circulating M and T cell status, and the effect that this may 

have on the subsequent T cell suppression results in the explant system, the T=0 gene 

expression profiles of M and T cell populations in whole patient blood was assessed 

prior to 6-day T cell culture using the NanoString IO360 gene expression panel, as 

explained in section 4.2.1, for a proportion of patients (N=4). Prior to explant 

conditioning and their addition to functional T cell assays, the baseline M phenotype 

of circulating CD14+ PBMCs was additionally assessed by flow cytometry for all 

patients (N=7). Unfortunately, limited numbers of T cells were isolated from patient 

blood and therefore, the characterisation of T cell populations present in the CD14- 

PBMC (T cell) fraction prior to 6-day culture was not assessed at the protein level since 

all T cells were required for the functional assay. 
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Similarly to that seen in Fig. 4.11, transcripts for CD14 and CD68 were readily detected 

in the blood of all NSCLC patients assessed (mRNA counts 516.9 and 250.8, 

respectively) (Fig. 4.16A). Similarly to myeloid cell and pan-M marker expression, 

both FCGR1A (CD64) and CD163 were moderately expressed in patient blood (mRNA 

counts 378.3 and 301.1, respectively). Expression of MRC1 (CD206) and CD274 (PDL-

1) was low-to-negligible (Fig. 4.16A). CD23 (FCER2) and CD200R (CD200R1) mRNA 

expression in whole blood was not assessed since these genes were not included in 

the IO360 panel and therefore, mRNA counts could not be generated for these targets.  

CD14+ patient myeloid cells consisted of a small population of CD206hi (3.0%), CD23hi 

(0.6%), PDL-1hi (0.5%), and CD200Rhi (0.4%) cells. The proportion of CD163hi (78.2%) 

and CD64hi (97.1%) cells observed at baseline was high (Fig. 4.16B(i)). These protein 

results reflect the mRNA results.  

In summary, in the blood of NSCLC patients, 93.6% of circulating CD14+ cells 

appeared M1-like (CD206loCD64hi) at baseline based on two-marker analyses, with no 

evidence for the presence of M2-like cells (0.07%) (Fig. 4.16B(ii)). A small proportion 

of these circulating myeloid cells exhibited an MU- (3.3%) and MT-like (3.0%) 

phenotype, respectively (Fig. 4.16B(iii)). Therefore, any explant-induced M-mediated 

immunosuppression observed in the functional T cell experiments would unlikely be a 

result of the Ms being immunosuppressive at baseline, prior to culture.  

CD3 was moderately-to-highly expressed at the mRNA level in whole blood samples 

assessed from NSCLC patients (mRNA counts: CD3D, 525.8; CD3E, 271.4) (Fig. 

4.16C). Additionally, low levels of CD8A, CD8B, and CD4 were observed (mRNA 

counts 125.4, 72.6, and 86.1 respectively). The majority of T cells within the whole 

blood represented activated T cells, with high levels of CD127 (IL7R) mRNA being 

detected (mRNA count 1259.8) (Fig. 4.16C). Therefore, due to low levels of anti-

inflammatory immune cells being detected in patient blood, it could be concluded that 

endogenously added CD14+/- PBMCs would have a minimal-to-negligible effect on T 

cell suppression but instead, localised immunosuppression in the explant model would 

be predominantly tumour-mediated. 
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Figure 4.16. Determining the pro-inflammatory phenotype of major leukocyte 

components in patient blood prior to explant functional assays 

The RNA and protein expression of M and T cell markers in patient blood was analysed 

prior to M pre-conditioning and long-term T cell culture. RNA was extracted from peripheral 

blood of NSCLC patients. Quantification of transcripts of 770 onco-immune-related genes 

were performed using the NanoString PanCancer IO360 nCounter® gene expression panel 

with NanoString Technologies nSolverTM analysis software. Absolute mRNA counts for A)  

M-related genes: CD14, CD68, MRC1 (CD206), FCGR1A (CD64), CD163, FCER2 

(CD23), CD274 (PDL-1), and CD200R1 (CD200R) and C) T cell-related genes: 

CD3D/CD3E/CD3G (CD3), CD8A/CD8B (CD8), CD4, FOXP3, IL2RA (CD25) and, IL7R 

(CD127), normalised to endogenous positive controls and housekeeping genes, are plotted 

for each of four (N=4) patients. mRNA counts were thresholded as present above the 

geometric mean of the endogenous negative controls (16.5). Symbols represent the mean 

mRNA counts (of singlet measures) for each patient, with lines displaying the grand mean 

of the overall dataset (all patients). n/a values represent genes which were not included in 

the IO360 panel and therefore, genes for which mRNA counts could not be generated for. 

B(i) Using flow cytometry, the baseline (T=0) expression of CD206, CD64, CD163, CD23, 

PDL-1, and CD200R was analysed on 1x105 CD14+ PBMCs. B(ii) The M1- (D206loCD64hi) 

and M2-like (CD206hiCD64lo) phenotype of these myeloid cells were determined using two-

marker analyses. Data given as a percentage of parent (live CD14+) gate and are pooled 

from seven independent patient experiments (N=7). Symbols represent the mean protein 

expression (of triplicate measures) for each patient, with lines displaying the grand mean of 

the overall dataset (all patients). B(iii) Pie chart representing the proportion of T=0 CD14+ 

PBMCs exhibiting an M1-, M2-, MU-, and MT-like phenotype. No statistical analyses were 

performed since only basic phenotyping of one experimental arm was carried out. MU, 

unpolarised myeloid cells; MT, transitional myeloid cells. 
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T cell assays in the presence of explants using autologous and allogeneic T cells 

Since patient T cell numbers are the limiting factor for functional experiments in this 

thesis, patient explant-mediated immunosuppression was assessed using both patient 

(autologous system) and healthy donor (allogeneic system) PBMCs. The VP pool 

stimulated IFN and TNF production from CD4+ T cells (3/7 patients) (Fig. 4.17A) and 

CD8+ T cells (4/7 patients) (Fig. 4.17B) in the autologous system. IFN+TNF+ cytokine 

production from CD8+ T cells was significantly lower in the presence of M2-like Ms 

than M1-like Ms (Fig. 4.17B). No significant difference in pro-inflammatory cytokine 

production from T cells were observed when cultured with M1-like Ms, media control 

Ms, or medium only (T cells only) (Fig. 4.17B). These results demonstrate the 

immunosuppressive nature of M2-like Ms through their restraining of antigen-

dependent T cell activation, measured by cytokine production. Similar trends were 

observed for CD4+ T cells, however no experimental arms were significantly different 

since individual donor results were more variable than CD8+ outputs (Fig. 4.17A). 

IFN+TNF+ production from CD8+ T cells was significantly reduced upon explant 

culture (Fig. 4.17B). Whilst similarly low levels of pro-inflammatory cytokines were 

produced from T cells stimulated in the presence of explant-conditioned M cultures, 

these levels were not significantly lower than T cells alone. IFN+TNF+ cytokine 

production from CD8+ T cells was significantly reduced following explant culture, in 

both the presence and absence of exogenously added Ms, compared to the pro-

inflammatory M1 and media M controls (Fig. 4.17B).  
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When comparing these results to those seen in an allogeneic system using healthy 

donor immune cells, pro-inflammatory cytokines were only produced from CD8+ T cells 

in the allogeneic explant system (Fig. 4.18). The same VP pool-dominant stimulation of 

CD8+ T cells was seen in previous healthy donor M functional experiments (Chapter 

3). Additionally, tumour explants did not mediate significant CD8+ T cell suppression in 

the allogenic explant model (Fig. 4.18). It could be that the allogeneic T cell response 

is strong enough to overcome tissue-mediated suppression, indicating that the 

immunoinhibitory TME is not unsurmountable, but may be amenable to therapeutic 

approaches that could provide overriding T cell stimuli, to drive anti-tumour immunity 

within the lung TME. 

Figure 4.17. Tumour explants suppress CD8+ T cell responses in the presence and 

absence of exogenously added Ms in an entirely autologous system 

Fresh NSCLC tissue and autologous CD14+ PBMCs were obtained from patients 

undergoing surgical resection. Tumour explants were co-cultured with patient CD14+ 

PBMCs (1x104) for 48 h in 10% RPMI medium to enable M polarisation. CD14+ cells were 

polarised into M1- or M2-like M controls or incubated without cytokines to generate media 

controls. Explant only wells were established to assess M-independent tumour 

immunosuppression. M cultures were immediately loaded with 5 g/mL viral peptide (VP) 

pool for 1 h. Autologous CD14- PBMCs were cryopreserved until required, before being 

added to M co-cultures (1x105) or to medium (T cells only) and incubated for 6 days. 

Cultures were re-stimulated with VP at day 6 to reactivate memory T cell responses. 

Intracellular cytokine staining of IFN and TNF levels in T cells was performed upon re-

stimulation and analysed by flow cytometry. Proportion of double positive pro-inflammatory 

cytokine production (IFN+TNF+) from A) CD4+ (N=3) and B) CD8+ T cells (N=4) following 

6 days explant co-culture. Experiments were performed in an entirely autologous patient 

system. Values normalised against the unpolarised media control. Statistical analyses were 

carried out by applying an ANOVA with Tukey’s post-hoc test. Data given as a percentage 

of parent (A) live CD4+; B) live CD8+) gate and represent mean ± SEM, calculated from N=4 

biological replicates, with statistically significant differences between all conditions shown 

and marked as *p < 0.05; **p < 0.01; ***p < 0.001. Data are pooled from four independent 

patient experiments (N=4). 
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In conclusion, this study demonstrated that both explant and explant-conditioned M 

co-cultures suppress CD8+ T cell activity. Specifically, the suppressive nature of TME 

appeared dominant, and could not be reversed by the introduction of more Ms. Whilst 

our data suggest that exogenously added myeloid cells do not actively promote a pro-

inflammatory lung TME, the immunostimulatory effects of exogenously added Ms may 

be masked by the immunoinhibitory potential of the NSCLC explants, since such 

dominant immunosuppression may be difficult to overcome. Moreover, as little as 1.2% 

of CD8+ cells produced IFN/TNF when cultured with explants alone and therefore, it 

would be near impossible to detect a noticeable additive contribution of exogenous 

Ms towards the development of an immunosuppressive TME ex vivo, using the T cell 

suppression assay.   

Figure 4.18. Tumour explant-mediated suppression of CD8+ T cell responses is not 

observed in an allogeneic system 

Fresh NSCLC tissue was obtained from patients undergoing surgical resection. Allogeneic 

blood was obtained from healthy donors. Tumour explants were co-cultured with healthy 

donor CD14+ PBMCs (1x104) for 48 h in 10% RPMI medium to enable M polarisation. 

CD14+ cells were polarised into M1- or M2-like M controls or incubated without cytokines 

to generate media controls. Explant only wells were established to assess M-independent 

tumour immunosuppression. M cultures were immediately loaded with 5 g/mL viral 

peptide (VP) pool for 1 h. Matched healthy donor CD14- PBMCs were cryopreserved until 

required, before being added to M co-cultures (1x105) or to medium (T cells only) and 

incubated for 6 days. Cultures were re-stimulated with VP at day 6 to reactivate memory T 

cell responses. Intracellular cytokine staining of IFN and TNF levels in T cells was 

performed upon re-stimulation and analysed by flow cytometry. Proportion of double 

positive pro-inflammatory cytokine production (IFN+TNF+) from CD8+ T cells (N=3). 

Values normalised against the unpolarised media control. Statistical analyses were carried 

out by applying an ANOVA with Tukey’s post-hoc test. Data given as a percentage of 

parent (live CD8+) gate and represent mean ± SEM, calculated from N=3 biological 

replicates, with statistically significant differences between all conditions shown and marked 

as *p < 0.05; **p < 0.01; ***p < 0.001. Data are pooled from three independent patient 

experiments (N=3). 
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To further explore the additive suppressive capacity of explant-conditioned Ms to 

localised immunosuppression, this thesis measured the secretion of 13 myeloid cell-

related soluble factors (IL-12p70; IL-12p40; TNF; IL-6; IL-1 IL-23; IFN CXCL10IL-4; 

IL-10; arginase; CCL17; IL-1RA) from explant-conditioned T cell co-cultures in the 

presence and absence of autologous patient myeloid cells. Supernatants were 

harvested from cultures following 6-day incubation and soluble factor secretion 

measured using a Human Macrophage/Microglia LEGENDplexTM fluorescence bead-

based immunoassay (MFI; Fig. 4.19; data further explored in Chapter 6 and 

quantification data shown in Appendix 6.9), as described previously in this chapter. 

Explant only wells represented TAM- and TME-mediated soluble factor secretion from 

co-cultures. 
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Figure 4.19. TCMs significantly contribute to the development of an 

immunosuppressive TME ex vivo 

Fresh NSCLC tissue and autologous CD14+ PBMCs were obtained from patients undergoing 

surgical resection. Tumour explants were co-cultured with patient CD14+ PBMCs (1x104) for 

48 h in 10% RPMI medium to generate tumour-conditioned Ms (TCMs). Explant only wells 

were established to assess soluble factor secretion from tumour-associated Ms and other 

TME components. M cultures were immediately loaded with 5 g/mL viral peptide (VP) pool 

for 1 h. Autologous CD14- PBMCs (T cells) were cryopreserved until required, before being 

added to M co-cultures (1x105) or to medium (T cells Only) and incubated for 6 days. 

Supernatants were harvested for each condition following 6-day culture and frozen (-20̊C) 

until required. A Human Macrophage/Microglia LEGENDplexTM bead-based immunoassay 

was used to quantify the levels of 13 soluble factor targets released from the T cell co-

culture system. LEGENDplexTM systems enable the fluorescence labelling and detection of 

targets in culture supernatants by flow cytometry. Data were analysed using LEGENDplexTM 

data analysis software and resultant mean fluorescence intensity (MFI) values for IL-12p70, 

IL-12p40, TNF, IL-6, IL-1, IL-23, IFN, CXCL10, IL-4, IL-10, arginase, CCL17, and IL-1RA 

were measured and normalised against T cell Only outputs. A) The secretion of pro-

inflammatory factors: (i) IFN and (ii) TNF are shown as a comparison to the functional T 

cell suppression assay. B) Significant differences in the secretion of anti-inflammatory 

factors: (i) IL-10 and (ii) arginase were observed between experimental conditions. 

Secretion of all other factors remained unchanged (Appendix 6.8). The concentration 

(pg/mL) of each target present in culture supernatants was determined by comparing the 

MFI readout against 13 individual protein standards (Appendix 6.9). Statistical analyses 

were carried out by applying an ANOVA with Tukey’s post-hoc test. Data represent mean 

MFI ± SEM, calculated from N=4 biological replicates, with statistically significant differences 

between all conditions shown and marked as *p < 0.05; **p < 0.01; ***p < 0.001. Data are 

pooled from three independent patient experiments (N=4). 
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The secretion of pro-inflammatory cytokines from explant-conditioned T cell co-cultures 

remained unchanged upon the addition of exogenous Ms to the ex vivo system 

including the levels of IFN and TNF (Fig. 4.19A). This is in keeping with the ICCS 

data shown in Fig 4.17. Interestingly, when taking the patient data together, the levels 

of the anti-inflammatory molecules, IL-10 and arginase produced from T cell cultures 

was significantly increased in the presence of explant-conditioned Ms, but not 

explants alone (Fig. 4.19B). It is of importance to note that the highest IFN response  

observed in explant-conditioned M co-cultures (Fig. 4.19A) is not coming from the 

same patient as those producing the lowest IL-10 response (Fig. 4.19B). Therefore, it 

is unlikely that the production of these soluble factors are mutually exclusive, eluding to 

the complexity of the lung cancer secretome. No other anti-inflammatory factors were 

notably increased following the addition of exogenous Ms to explant-conditioned T cell 

co-cultures. All additional non-significant pro- and anti-inflammatory targets will be 

further explored in the presence of Atezolizumab treatment in Chapter 6 

(±Atezolizumab quantification data shown in Appendix 6.8).  

Future studies should assess the production of additional pro-tumour molecules, such 

as pro-inflammatory lipid mediators generated by the COX1/2 and lipogenase 

enzymatic systems (e.g. eicosanoids), from explant-conditioned cultures in order to 

achieve a more complete picture of the pro-/anti-inflammatory components which 

contribute to a tumour-promoting NSCLC secretome(375). Inhibition of these pro-tumour 

pathways in the explant model, through the use of a COX1/2 inhibitors (e.g. non-

steroidal anti-inflammatory drugs), may better our understanding of the anti-cancer 

properties of these drugs and the compensatory pro-tumour mechanisms which 

develop in the TME in response to such therapeutic intervention in NSCLC.  

In conclusion, these results demonstrate an additive contribution of Ms to the 

development of an immunosuppressive lung TME ex vivo, which otherwise could not 

be measured using the functional T cell suppression assay. Whilst the heterotypic 

spheroid and explant model of NSCLC, discussed in the previous chapters, both 

demonstrated similar tumour-induced M2-like M polarisation, only the ex vivo 

autologous explant model demonstrated localised immunosuppression. Therefore, the 

NSCLC spheroid model may have been an oversimplification of the lung TME and this 

work advocates the use of the NSCLC explant model in tumour-immune interaction 

studies. The autologous patient explant model was used in all future 

immunomodulation experiments, shown later in Chapter 6, due to its better 

representation of a localised immune response. 
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4.3 Discussion 

In this chapter, the phenotype and function of TCMs in the lung TME was explored 

using a patient-derived explant model of early-stage NSCLC. This study demonstrated 

the superiority of the explant model over the heterotypic spheroid model, in 

recapitulating the dynamic tumour-immune interactions and immunosuppressive nature 

of the lung TME.  

Considering the heterogeneity of tumour-resident immune populations in 
NSCLC specimens 

Phenotyping of immune cells present in tumour and distal ‘normal’ lung tissue is 

routinely performed and reported in NSCLC studies(347, 348, 376). Levels of leukocyte 

content within NSCLC tumour tissues is highly variable, composing 16.0-97.3% of total 

live cells isolated from tumour samples(347, 348, 377). As such, the percentage of live 

CD45+ immune cells measured in samples from this study (83.0%) fell within the range 

previously reported. In this chapter, CD3 T cells composed 18.8% of leukocytes 

isolated from NSCLC tissue, whilst previous studies have reported higher proportions 

between 30-84% of CD45+ cells(347, 348, 376-378), depending on histological subtype. 

Intermediate proportions of B cells were found in NSCLC tissue samples in our hands 

(7.5%), with previous groups reporting between 4.4%(348) and 22.0%(347, 378). The 

remaining minor immune cell populations found in NSCLC tissue consist of NK cells, 

myeloid cells, and DC, as described below. 

The presence and proportion of various immune cell populations within NSCLC tumour 

samples is highly dependent on where the sample is collected from. For example, 

levels of B cells, T cells, and DCs are often higher at the tumour periphery where they 

cluster within tertiary lymphoid structures, compared to the tumour centre(379). This may 

partly explain inconsistencies in the reporting of tumour-resident immune cell 

populations within NSCLC tissue. The proportion of NK cells (1.0%) observed in the 

NSCLC tissue prior to explant culture is in the accordance with previous reports (1.0-

4.5%)(347, 348, 378). In the majority of studies, proportions of Ms (4.5-34.0%), monocytes 

(<10%), and DCs (~2%) have been assessed separately in lung cancer samples(347, 348, 

376, 378), and overall myeloid cell populations are rarely studied. In this work, CD14+ 

myeloid cells composed 5.2-12.4% of leukocytes isolated from NSCLC tissue. Whilst 

Kargl et al.(348) categorised 50% of lung tumour-resident/infiltrating cells as ‘myeloid 

cells’, discrepancies in gating strategy and markers used to define myeloid cell 

populations (neutrophils, CD66b+; monocytes, CD14+CD33+; Ms, CD68hi), make it 

difficult to compare the myeloid cell outputs in this chapter, to existing, and arguably 

deficient, literature. In agreement with previous reports, this study demonstrated high 
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proportions of M1-like Ms (40.8%)(347) and low proportions of mMDSCs (4.5%)(348) to 

compose the CD14+ myeloid cell population in NSCLC tissue samples. In conclusion, 

the phenotyping data described in this study largely support previous findings, 

described above. Due to variations in tumour content between specimens, future 

directions should include comparing the levels and constituents of immune cells 

isolated from donor-matched tumour and distal lung samples, to determine whether the 

results of this study genuinely reflect a cancer-mediated selective recruitment and/or 

survival/expansion of particular immune cell subsets. 

Considering the heterogeneity of M polarisation in the explant model 

An interesting observation of this chapter was that RPMI was found to be a more 

effective medium for supporting M polarisation than high glucose DMEM, particularly 

in relation to M2-like skewing. Differences in the formulation of these two medias, 

besides glucose content, may underpin the skewing potential of these cultures. 

Specifically, DMEM has been reported to contain lower concentrations of proteinogenic 

amino acids such as L-Arginine, L-Asparagine, and L-Cysteine(380), to name a few. In 

particular, arginine metabolism has been strongly associated with M polarisation(381). 

The dominant conversion of arginine to nitric oxide and citrulline (via NOS) or to 

ornithine and urea (via arginase-1) defines their M1- or M2-like M phenotype (and 

function), respectively(381). As such, it is not surprising that higher levels of phenotypic 

skewing (M1- and M2-like) were observed for Ms cultured in higher L-arginine-

containing conditions. Future research should look to decipher the contribution of 

individual chemical components present in culture medias towards promoting M 

polarisation. 

Moreover, large disparities in the proportions of different M subsets (M1/M2/MU/MT) 

formed following the skewing of NSCLC patient-derived CD14+ PBMCs ex vivo were 

observed compared to those generated in healthy donor M polarisation assays. The 

highest levels of subset heterogeneity between healthy donor- and patient-derived Ms 

was observed for the M2-polarised controls, which were composed of 95.1% vs. 40.6% 

M2-like cells, respectively (Fig. 3.12 and Fig. 4.13). This could, in part, be explained by 

patient-derived myeloid cells being less amenable to M skewing in some cases, 

namely M2-like skewing (as supported by Fig. 4.6 and Fig. 4.7), with higher mean 

proportions of MU-like cells being found in all patient-derived control M cultures (% 

MU: M1 control, 33.5%; M2 control, 56.6%; media control, 78.8%) compared to healthy 

donor cultures (% MU: M1 control, 12.5%; M2 control, 2.5%; media control, 28.1%) 

(Fig. 3.12 and Fig. 4.13). However, since these healthy donor- and patient-derived M 

polarisation assays were run on separate days, it is difficult to conclude whether such 
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differences are technical or biological and as such, parallel experiments should be 

conducted in the future to further decipher patient-specific heterogeneity. Additionally, 

retrieval and interrogation of patient bloodwork and diagnostic data at the time of 

surgery may aid in explaining the inter-patient heterogeneity observed in M 

polarisation assays in this thesis. 

Individual subunit antagonism of heterodimeric cytokine activity  

In addition to differential surface marker expression, M1 and M2 M subsets are 

characterised by the differential production and secretion of a plethora of cytokines and 

chemokines in response to environmental stimuli. As such, panels of soluble factors 

are often used to determine the M1- or M2-like M status of the TME(239, 240). The 

results of this chapter demonstrate that the tumour secretome remains unchanged 

upon M co-culture. This may be a result of explant cultures being composed of a 

relatively low number of exogenous Ms and therefore, their effect on the overall 

tumour secretome may be limited, regardless of the sensitivity of the quantification 

platform. However, whilst high levels of anti-inflammatory (‘M2-promoting’) cytokines 

have been measured in TCM cultures previously, these studies often lack M1-like, M2-

like, or unpolarised controls, which limits interpretation regarding the extent of M-

driven immunosuppression in the TME(239, 240).  

Using a LEGENDplexTM bead-based immunoassay, this study reported that the M1-like 

M subset could be defined based on IL-12p70 and CXCL10 secretion, whilst CCL17 

secretion underpinned the M2 secretome. Interestingly, IL-12p40, often referred to as 

an M1-related cytokine, was highly secreted by M2 control cultures. The completely 

biologically active form of IL-12, also known as IL-12p70, is a heterodimer composed of 

a p35 and a p40 subunit, encoded by the IL12A and IL12B genes, respectively(382, 383). 

Previously, IL-12p40 has been shown to be downregulated on Ms upon LPS 

stimulation, unlike the complete IL-12p70 heterodimer(106, 384). Additionally, IL-12p40 

has been shown to act as an agonist of IL-12 (IL-12p70) in vitro(385, 386) and exert 

immunosuppressive effects in vivo, explaining the dominant secretion from M2 control 

M cultures(387). IL-23, a cytokine commonly associated with M1-like Ms, additionally 

uses the p40 subunit of IL-12 (IL12B; IL-12p40), alongside an independent p19 

subunit(383). The high levels of IL-12p40 detected in M2 control M cultures in this study 

could, in part, explain the similarly high levels of IL-23 in the same cultures. To 

conclude, the measurement of IL-12p70 when assessing the pro- or anti-inflammatory 

status of the TME is of upmost importance since only this complete cytokine has 

biological activity as IL-12. Subsequently, this chapter revealed IL-12p70 to be a 

dominant component of the M1-like M secretome. 
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In a 3D heterotypic model of PCa, IL-6 secretion was significantly increased upon 

addition of monocytes to tumour co-cultures(240). Initial findings, reported in this chapter, 

suggest that myeloid cells exert a similar effect on explant cultures. However, due to 

differences in culture length and model methodology between the two studies, 

elevation in IL-6 secretion was not significant in our hands. Moreover, this thesis 

observed IL-6 to be secreted at similar levels by all M control cultures (M1/M2/Media), 

potentially owing to the fact that IL-6 has been shown to be released by both pro- and 

anti-inflammatory Ms(336). Future experiments will look at the explant-conditioned M 

secretome following longer-term culture to determine the time-dependent secretion of 

IL-6, and other myeloid-specific soluble factors, by NSCLC tumours ex vivo.  

Deciphering the specific role of Ms in mediating localised 
immunosuppression within the TME  

As well as TAMs, Tregs and MDSCs are extremely potent anti-inflammatory regulators, 

even in small numbers. As discussed previously, the presence of Tregs, MDSCs, 

CAFs, and T cell exhaustion dominantly contribute to the development of an 

immunosuppressive TME(32, 45-47). The results described in this chapter demonstrate the 

ability of the NSCLC explant system to recapitulate tumour-mediated 

immunosuppression. Using this approach, the efficacy of immunotherapeutic agents in 

releasing tumour-mediated suppression of T cell activity within the TME will be 

explored in future chapters. 

However, the specific contribution of TAMs to localised tumour immunosuppression 

could not be differentiated from M-independent mechanisms of T cell suppression, 

detailed above. Therefore, patient-derived CD14+ PBMCs were added exogenously to 

explant cultures to explore the role of M-mediated immunosuppression ex vivo. Whilst 

the ex vivo T cell suppression assay was not solely capable of determining the additive 

or subtractive contribution of exogenous Ms to the development of an 

immunosuppressive TME, analysis of soluble factor secretion from T cell co-cultures 

revealed that explant-conditioned Ms significantly contribute to the development of an 

immunosuppressive TME through secretion of IL-10 and arginase. Future experiments 

need to validate these findings by studying the immunosuppressive effects of TCMs in 

the absence of tumour explants, through removing explants from M cultures prior to T 

cell addition. Moreover, the M-derived origin of these anti-inflammatory factors needs 

to be confirmed in the future, to eliminate the contribution of additional TME 

components to soluble factor measurements.  

Improving the overall health and viability monitoring of a complex 3D 
system 
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This study demonstrated the successful culture of viable explants. Chopping of patient 

material into uniform sized explants is likely to induce high levels mechanical stress in 

the tissue, potentially explaining the lower baseline viability readouts from explants 

compared to spheroids. Previous studies have reported resting explants for 16-24 h in 

nutrient-rich medias prior to experimentation to enable routine tissue recovery(196, 252, 

353). Future directions should include examining the beneficial effects of explant resting 

and culture acclimatisation on short- and long-term viability, as well as on 48 h M 

polarisation and 8-day functional T cell outputs.  

Conclusion  

In summary, two-marker analyses of CD64 and CD206 reliably distinguished M1- and 

M2-like M subsets in the lung TME using the NSCLC explant model. This study 

demonstrates the importance of multi-marker analyses for assessing dynamic myeloid 

cell populations in the future. Lung tumour explants promoted dominant M2-like M 

skewing and suppression of T cell activity, ex vivo. Overall, the data shown in this 

chapter advocates the use of this novel explant model to further study the specific 

contribution of cellular components to M polarisation and localised 

immunosuppression in the lung TME, ex vivo. The findings denoted in this chapter 

provide a rationale for reversing tumour-mediated M2-like M polarisation using IMAs, 

which block signalling through CSF-1R, adenosine 2B receptor, and the 

inflammasome, to name a few, in an attempt to reprogram M-mediated 

immunosuppression within the TME. The ability of IMAs to improve T cell responses, 

when using immunotherapeutic agents, will be explored in future chapters, using this 

novel NSCLC explant model.   
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4.4 Appendix 

 

 

 

 

Appendix 4.1. Representative gating strategy for cell type phenotyping  

Gating strategy workflow used to identify the various cellular populations present in NSCLC 

tissue. Doublet cells were excluded, and the single, live cells were included for future 

analyses. The separate CD45+ (leukocytes), CD14+ (myeloid cells), pan-cytokeratin+ (CK+; 

epithelial cells), and fibroblast activation protein+ (FAP+; fibroblasts) populations were gated 

based on single marker percentage expression analyses by flow cytometry. Percentage 

expression analysed as a percentage of the live cell (parent: CD45+ and grandparent: 

CD14+; CK+; FAP+) gate. Unstained cells were used as a negative gating control for CD45, 

CD14, and FAP staining. An IgG1-FITC control was used as a negative gating control for 

CK since the unstained control did not sufficiently denote non-specific/background CK-FITC 

staining in the tissue.  
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Appendix 4.2. Representative gating strategy for tissue-resident immune cell 

phenotyping 

Gating strategy workflow used to identify the various immune cells present in NSCLC 

tissue. Doublet cells were excluded, and the single, live leukocytes were included for future 

analyses. The separate CD3+CD14- (T cells), CD14+CD3- (myeloid cells), CD19+CD56- (B 

cells), and CD56+CD19- (NK cells) populations were gated based on two-marker expression 

analyses. Percentage expression analysed as a percentage of parent (live leukocyte) cell. 

Unstained cells were used as a negative gating control for all markers. 
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Appendix 4.3. Representative gating strategy for M phenotyping  

Gating strategy workflow used to identify the various M populations present in NSCLC 

tissue prior to explant culture. Doublet cells were excluded, and the single, live leukocytes 

were included. Live CD14+ cells were gated as the myeloid cell population for future 

analyses. The separate CD206 high, CD64 high, CD163 high, CD23 high, PDL-1 high, and 

CD200R high myeloid cell populations were gated based on single marker percentage 

expression analyses. Results given as a percentage of parent (live CD14+ cells) gate. 

CD206hi/loCD64hi/lo quadrant (two-marker) gating denoting unpolarised myeloid cell (MU), 

M1-like M, M2-like M, and transitional (MT) myeloid cell populations in NSCLC tissue 

prior to explant culture. Two-marker analyses given as a percentage of parent (live CD14+ 

cells) gate. Unstained cells were used as a negative gating control for all markers. CD64-

PerCP/Cy5.5 and CD206-BV421 fluorescence minus one (FMO) controls were additionally 

used to advise placement of quadrant gates. 
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Appendix 4.4. Representative gating strategy for mMDSC and gMDSC phenotyping  

Gating strategy workflow used to identify the various MDSC subsets present in NSCLC 

tissue prior to explant culture. Doublet cells were excluded, and the single, live leukocytes 

were included. Live CD14+ cells were gated as the myeloid cell population for future 

monocytic MDSC (mMDSC) analyses. Live CD14- cells were gated as the non-myeloid cell 

population for future granulocytic MDSC (gMDSC) analyses. The separate HLA-DR high, 

CD11b high, and CD15 high cell populations were gated based on single marker 

percentage expression analyses for mMDSC studies. Results given as a percentage of 

parent (live CD14+ cells) gate. HLA-DRloCD15lo quadrant (two-marker) analyses of 

CD14+CD11bhi cells define mMDSCs in NSCLC tissue prior to explant culture. HLA-

DRloCD15hi quadrant (two-marker) analyses of CD14-CD11bhi cells define gMDSCs in 

NSCLC tissue prior to explant culture. Two-marker analysis results are given as a 

percentage of grandparent (mMDSC, live CD14+ cells; gMDSC, live CD14- cells) gates. 

Unstained cells were used as a negative gating control for all markers.  
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Appendix 4.5. Phenotyping of gMDSCs present in NSCLC tissue  

Cells were isolated from NSCLC tissue immediately after receipt following surgical resection. 

Cells present in the transport medium included cells those which had been released into the 

transport medium following dissection of the research sample from the main diagnostic 

sample at the Department of Cellular Pathology. ‘Wash cells’ were isolated by the 

mechanical dissection of tissue into ~300x300x300 m sized pieces using a scalpel, 

followed by the wash and collection of dissociated cells using fresh RPMI medium. Filtered 

cells were obtained though the straining of ~3x3x3 mm sized pieces of tissue through a 40 

m filter using the end of a 1 mL syringe plunger. Filters were rinsed with RPMI medium 

following straining in order to recover all cells. All three isolation processes were combined in 

order to generate a pooled sample for MDSC phenotyping. The proportion of granulocytic 

MDSCs (gMDSCs) amongst CD14- cells isolated from the A) ‘transport media’, B) ‘wash 

cells’, and C) ‘filtered cells’ fractions, as well as from the D) pooled fractions, were 

simultaneously determined using three-maker analyses (gMDSC, CD11bhiCD15hiHLA-DRlo). 

Symbols represent the mean protein expression (of triplicate measures) for each patient, 

with lines displaying the grand mean of the overall dataset (all patients). Data given as a 

percentage of the ‘live CD14- cells’ gate and are pooled from up to eight independent 

NSCLC samples (N=8). Statistical analyses of the differences between the means of each 

protein marker for ‘transport media’, ‘wash cells’, and ‘filtered cells’ were carried out by 

applying an ANOVA with Tukey’s post-hoc test, with statistically significant differences 

marked as *p < 0.05; **p < 0.01; ***p < 0.001. 
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Appendix 4.6. Representative gating strategy for the explant-conditioned 

M polarisation experiments 

A(i) Doublet exclusion, (ii) leukocyte size inclusion, (iii) live cell inclusion, and (iv) CD14+ 

inclusion gating for patient CD14+ PBMCs following explant culture. CD14+ cells given as 

percentage of parent (live cell inclusion) gate and were the final myeloid cell population used 

for analysis. B) Percentage of marker expression gating for M1 and M2 controls for (i) CD64 

high, (ii) CD23 high, (iii) CD206 high, (iv) PDL-1 high, (v) CD200R high, and (vi) CD163 

high myeloid cells. Single marker expression results given as a percentage of parent (live 

CD14+ inclusion) gate. C) CD206hi/loCD64hi/lo quadrant (two-marker) gating denoting 

unpolarised myeloid cells (MU), M1-like M, M2-like M, and transitional myeloid cell (MT) 

populations for explants only (tumour-resident TAMs) and explant-conditioned Ms (Explants 

+ Ms), as well as M1, M2, and media control Ms. Two-marker analysis results are given as 

a percentage of parent (live CD14+ inclusion) gate. Unstained cells were used as a negative 

gating control for all markers. CD64-PerCP/Cy5.5 and CD206-BV421 fluorescence minus 

one (FMO) controls were additionally used to advise placement of quadrant gates. 

 

 

(C) 
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Appendix 4.7. LPS and IFN treatment significantly increases the presence of CD64hi 

and PDL-1hi myeloid cells present in explant-conditioned M cultures  

Fresh NSCLC tissue and autologous CD14+ PBMCs were obtained from patients 

undergoing surgical resection. To test the plasticity of the explant-induced M2-like 

phenotype, explant-conditioned M co-cultures (1x105 CD14+ PBMCs) were treated in 

parallel with or without M1-polarising cytokines (20 ng/mL IFN and 10 pg/mL LPS) for 48 h. 

Unpolarised media controls were established in parallel. The percentage of (A) CD206 

high, (B) CD64 high, (C) CD163 high, (D) CD23 high, (E) PDL-1 high, and (F) CD200R high 

cells generated from explant-conditioned M cultures were analysed by flow cytometry. 

Statistical analyses were carried out by applying an ANOVA with Tukey’s post-hoc test. 

Data given as a percentage of parent (live CD14+) gate and represent mean ± SEM, 

calculated from N=5 biological replicates, with statistically significant differences compared 

to all conditions marked as *p < 0.05; **p < 0.01; ***p < 0.001. Data are pooled from five 

independent patient experiments (N=5).  
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Cytokine/chemokine concentration (pg/mL) 

IL-12p70 

  4852 4831 4841 5157 

Explant <0.50 <0.50 <0.50 <0.50 

Explant/Mϕ <0.50 <0.50 <0.50 <0.50 

M1 2.91 3.03 1.79 <0.50 

M2 3.66 <0.50 <0.50 <0.50 

Media <0.50 <0.50 <0.50 <0.50 

IL-12p40 

  4852 4831 4841 5157 

Explant <0.94 <0.94 1.01 <0.94 

Explant/Mϕ 1.14 <0.94 <0.94 <0.94 

M1 3.12 6.89 3.15 <0.94 

M2 170.05 56.76 67.78 68.31 

Media <0.94 1.23 <0.94 3.05 

TNF 

  4852 4831 4841 5157 

Explant 1.30 <1.20 <1.20 <1.20 

Explant/Mϕ <1.20 <1.20 <1.20 <1.20 

M1 4.25 82.36 59.21 2.70 

M2 38.80 11.73 13.44 14.64 

Media <1.20 <1.20 <1.20 1.54 

IL-6 

  4852 4831 4841 5157 

Explant 18369.19 153.25 68.25 132.65 

Explant/Mϕ 18455.30 2388.66 1899.78 38.41 

M1 4.04 464.63 990.40 1.61 

M2 2.69 1.01 0.95 <0.83 

Media <0.83 <0.83 <0.83 <0.83 

IL-1 

  4852 4831 4841 5157 

Appendix 4.8. Quantification of the LEGENDplexTM Human Macrophage/Microglia 

targets present in supernatants from explant-conditioned M polarisation experiments  

The concentration (pg/mL) of 13 soluble factors (IL-12p70, IL-12p40, TNF, IL-6, IL-1, IL-

23, IFN, CXCL10, IL-4, IL-10, arginase, CCL17, and IL-1RA) present in explant-conditioned 

supernatants following 48 h culture was determined by comparing the MFI readout against 

13 individual protein standards. Raw MFI readouts shown in Fig 4.11. Data were analysed 

using LEGENDplexTM data analysis software. Data demonstrate quantification from four 

independent patient experiments (N=4).  
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Explant 5.60 <0.65 1.04 <0.65 

Explant/Mϕ 11.45 1.13 1.68 <0.65 

M1 3.25 19.92 128.11 <0.65 

M2 8.11 1.92 2.19 2.43 

Media <0.65 <0.65 <0.65 <0.65 

IL-23 

  4852 4831 4841 5157 

Explant 1.07 <0.66 <0.66 <0.66 

Explant/Mϕ 0.90 0.78 <0.66 <0.66 

M1 4.44 0.90 <0.66 <0.66 

M2 3.50 1.17 1.40 1.18 

Media <0.66 <0.66 <0.66 0.69 

IFN 

  4852 4831 4841 5157 

Explant <0.53 <0.53 18.32 <0.53 

Explant/Mϕ <0.53 <0.53 25.24 0.71 

M1 349.13 1022.77 277.49 73.17 

M2 4.17 <0.53 <0.53 3.86 

Media <0.53 <0.53 <0.53 <0.53 

CXCL10 

  4852 4831 4841 5157 

Explant 106.84 0.47 2.56 2.71 

Explant/Mϕ 75.81 1.28 4.97 0.95 

M1 28.87 489.37 176.96 145.42 

M2 1.15 <0.42 <0.42 8.22 

Media <0.42 <0.42 <0.42 0.47 

IL-4 

  4852 4831 4841 5157 

Explant <1.09 <1.09 368.56 <1.09 

Explant/Mϕ <1.09 <1.09 17.99 <1.09 

M1 9.00 12.84 6.78 <1.09 

M2 >11568.93 >11568.93 >11568.93 >11568.93 

Media 112.66 639.86 <1.09 2787.30 

IL-10 

  4852 4831 4841 5157 

Explant 2.19 <1.09 3.19 <1.09 

Explant/Mϕ 1.66 1.47 1.47 <1.09 

M1 3.10 2.21 <1.09 <1.09 
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M2 2071.76 1296.95 76.00 8.75 

Media 2.85 18.51 <1.09 1.23 

Arginase 

  4852 4831 4841 5157 

Explant 613.77 151.44 163.73 5.23 

Explant/Mϕ 937.70 207.99 243.48 23.76 

M1 155.84 134.35 183.12 2.08 

M2 249.11 141.77 136.71 7.17 

Media 196.36 185.41 166.46 2.36 

CCL17 

  4852 4831 4841 5157 

Explant 35.73 2.96 1.82 <1.77 

Explant/Mϕ 23.93 10.11 2.84 <1.77 

M1 3.52 <1.77 <1.77 <1.77 

M2 66.55 27.32 31.80 32.27 

Media <1.77 <1.77 <1.77 3.18 

IL-1RA 

  4852 4831 4841 5157 

Explant 451.62 <2.22 6.94 <2.22 

Explant/Mϕ 2632.89 4.64 8.71 8.02 

M1 6.53 4.74 <2.22 <2.22 

M2 14.24 12.28 7.37 10.99 

Media <2.22 <2.22 <2.22 <2.22 
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Appendix 4.9. Representative gating strategy for T cell functional assays involving 

explant-conditioned M co-cultures 

Representative gating strategy for flow cytometry analysis of pro-inflammatory cytokine 

production (++ = double positive staining) from A) CD4+ and B) CD8+ T cells following 6 

days incubation with or without explant-conditioned M co-cultures. In brief, tumour explants 

were co-cultured with patient CD14+ PBMCs for 48 h to enable M polarisation. CD14+ cells 

were polarised into M1- or M2-like M controls or incubated without cytokines to generate 

media controls. Explant only wells were established to assess M-independent tumour 

immunosuppression. Autologous CD14- PBMCs were cryopreserved until required, before 

being added to co-cultures or to 10% RPMI medium (T cells only). T cell cultures were 

immediately treated with 5 g/mL viral peptide pool (VP stimulated) or DMSO (unstimulated) 

for 1 h, and incubated for 6 days. Intracellular cytokine staining of IFN and TNF levels in T 

cells harvested from: T cell only, +explant only, +explant/M, +M1 M, +M2 M, and +media 

M cultures was performed and analysed by flow cytometry.  

 

 

(B) 
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5 Unveiling new markers to define M subsets: a 
focused transcriptome-based search  

5.1 Introduction  

This chapter focuses on the identification of novel M1- and M2-specific markers to 

study M phenotypic plasticity, and define M1, M2, and intermediate M subsets, in 

vitro. 

5.1.1 Transcriptional profiling of M subsets 

M polarisation and activation is based on transcriptional reprogramming. Many studies 

have assessed the genomic activation response of Ms to M1 and M2 stimuli, as well 

as pathogens(388-392). Whilst M skewing and activation is highly regulated by both pre- 

and post-transcriptional signalling networks, a disruption in the integrity of such 

processes can result in the development of various conditions such as cancer or 

inflammatory diseases(393). Therefore, in order to design and synthesise effective 

therapeutic strategies which target imbalances in M activation and/or polarisation, 

understanding the molecular factors underpinning M plasticity, function, and ultimately 

disease progression, is paramount(393-395).  

Previous studies have investigated the gene signature of M1- and M2-like M subsets 

either through the study of a limited number of pre-selected M-specific targets by 

qPCR, or a non-targeted analysis of genes on a large scale through the use of RNA 

sequencing (RNA-Seq) or microarray technologies(293, 388, 390, 394-398). Additionally, qPCR 

validation of transcriptome-based analyses are often conducted(293, 388, 394, 396, 398). 

However, only a limited number of studies have validated novel markers of human M 

subsets at the protein level(293, 398) and therefore, the biological relevance of novel 

markers of the M1 and M2 M phenotype remains poorly characterised. Beyer et al.(293) 

showed that transcriptomic profiling by RNA-Seq better enables the discrimination of 

M1/M2 profiles than microarray analyses. Additionally, this study showed resultant 

target expression to be relevant at the protein level. Nevertheless, no unpolarised Ms 

were included as a comparison to M1/M2 polarisation in either initial RNA-Seq, or 

protein validation experiments(293). Subsequently, genes previously associated with the 

M1 and M2 phenotype may not be subset-specific but rather, an artefact of gene 

expression changes induced by the culturing process. This, in part, may help to explain 

the plethora of conflicting markers used to phenotype M1- and M2-like Ms in the 

literature, as discussed in Chapter 3. As such, this thesis is the first to report the use of 

a 770 gene expression panel (PanCancer IO360) from NanoString Technologies to 
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perform a focused transcriptome-based comparison of M1 polarised, M2 polarised, and 

unpolarised (media control) Ms. Novel M1- and M2-specific genes were additionally 

validated at the protein level by flow cytometry.  

5.1.2 Aims and objectives  

This chapter set out to address the following research question: 

Are there any novel M1/M2 markers, or combination approaches, which can be 

used with greater confidence to identify these M subsets? 

To address the research question, the work in this chapter surrounded five primary 

objectives: 

1) Perform a focused transcriptome-based search for novel M1- and M2-like 

markers using the NanoString PanCancer IO360 gene expression panel. 

2) Identify a selection of M1- and M2-specific candidate genes for validation. 

3) Validate the NanoString Technologies gene expression results by RT-qPCR.  

4) Assess differential expression of these selected mRNA targets in M subsets at 

the protein level. 

5) Determine the relevance of these selected candidate genes as M1- and M2-

specific markers in the lung TME using NSCLC patient tissue and blood 

specimens.  

5.2 Results  

5.2.1 The NanoString PanCancer IO360 gene expression panel 

enables novel M subset-specific target identification 

A focused transcriptome-based search of novel markers of M1- and M2-like M 

subsets was performed on healthy donor Ms to identify novel M1- and M2-specific 

markers. In brief, CD14+ PBMCs from three healthy donors were either incubated with 

M1- and M2-polarising cytokines (48 h) to generate M1 and M2 M controls or were 

cultured without exogenous cytokines to generate unpolarised media controls. RNA 

from each M subset was extracted, quantified, and QC’d (see Chapter 2 Materials and 

Methods) prior to transcriptomic analysis of 770 genes using the NanoString 

PanCancer IO360 nCounter® gene expression panel. Due to financial constraints, RNA 

from all three donors was pooled for each M control (M1/M2/media), and one pooled 

sample per control was ran on the NanoString cartridge (as recommended by 

NanoString). NanoString measures the mRNA transcript count per sample directly, 

without amplification, as an indicator of gene expression. Previous chapters of this 

thesis described the use of CD64 and CD206 expression combinations to define 
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M1/M2 M subsets. However, CD206 expression is not exclusive to the M2 phenotype, 

but is also found to be expressed by ‘unpolarised’ media control Ms. Thus, this study 

set out to identify novel M1/M2 subset-specific markers which could be used to better 

define M1, M2, and intermediate M subsets.  

Gene expression analysis was performed using the NanoString nSolverTM software. 

Differences in the expression of 770 genes between 1) M1 vs. M2, 2) M2 vs. M1, 3) M1 

vs. Media, and 4) M2 vs. Media control groups were analysed and expressed as fold 

increase and/or decrease (table of complete linear fold changes available upon 

request; Log2 fold changes shown in Fig. 5.1). No statistical analyses were performed 

due to running of single pooled samples. The range of fold change measured for each 

comparative analysis of 770 genes was as follows: 

• M1 vs. M2: -113.1 (CCL13) – 1040.0 (IDO1); Log2 fold change of -6.8-10.0 (Fig. 

5.1). 

• M2 vs. M1: -1040.0 (IDO1) – 113.1 (CCL13); Log2
 fold change of -10.0-6.8 (Fig. 

5.1). 

• M1 vs. Media: -29.6 (MARCO) – 1467.7 (IDO1); Log2
 fold change of -4.9-10.5 

(Fig. 5.1). 

• M2 vs. Media: -1040.0 (S100A8) – 191.0 (CCL13); Log2
 fold change of -5.2-7.6 

(Fig. 5.1). 
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Unsurprisingly, genes found to be highly upregulated by M1-like Ms, were not 

upregulated by M2-like Ms, and vice-versa (Appendix 5.1 and Fig. 5.2). As such, only 

the upregulated genes for each group were analysed hereon in (M1>M2, M2>M1, 

M1>Media, and M2>Media). The NanoString SPRINT profiler is sensitive to the 

detection of fold changes >1.5-fold when >5 copies of a gene transcript exist per cell 

(platform specifications https://www.nanostring.com/products/ncounter-systems-

overview/ncounter-sprint-profiler). However, 2-fold change, a gold-standard cut-off 

used in RNA sequencing studies, was thresholded in this thesis in order to allow for 

future marker detection and validation at the protein level. Total genes upregulated ≥2-

fold (414 genes) for each of the four groups are shown in Appendix 5.1. A large 

proportion of genes were found to be ≥2-fold upregulated in more than one of the four 

groups. Genes were sorted into one of nine sub-groups based on expression overlap 

between different experimental conditions; 265 genes were found to be ≥2-fold 

upregulated across all nine sub-groups (Fig. 5.2). M1-specific genes were defined as 

those upregulated compared to both M2 and media controls (M1>M2 and M1>Media; 

74 genes, Fig. 5.2). M2-specific genes were defined as those upregulated compared 

to both M1 and media controls (M2>M1 and M2>Media; 34 genes, Fig. 5.2). This study 

revealed the existence of seven additional M sub-groups and therefore, polarisation 

states other than the M1/M2 phenotype, emphasising the high plasticity of the M 

phenotype, in vitro. Similar findings have previously been reported(390). 

Figure 5.1. Log2 fold change difference in the expression of 770 genes within 

M1 vs. M2, M2 vs. M1, M1 vs. Media, and M2 vs. Media control M groups  

CD14+ PBMCs from three healthy donors were incubated with M1- and M2-

polarising cytokines (48 h) to generate M1 and M2 M controls. Myeloid cells were 

cultured without exogenous cytokines to generate media controls. RNA from each 

M subset was extracted using the TRIzolTM method, quantified using a 

NanoDropTM 2000 Spectrophotometer, and quality controlled using a 2100 

BioanalyserTM Instrument (as described in Materials and Methods). RNA from all 

three donors was pooled for each M control (M1/M2/media), and one pooled 

sample per control was ran on the NanoString cartridge. The cartridge was read 

using a NanoString Technologies nCounter® SPRINTTM Profiler. Quantification of 

transcripts of 770 onco-immune-related genes in M1, M2, and media control Ms 

was performed using the NanoString PanCancer IO360 nCounter® gene expression 

panel with NanoString Technologies nSolverTM analysis software. Linear ratios were 

manually calculated in Microsoft Excel from the normalised NanoString raw count 

values to show expression changes for four experimental groups: M1 vs. M2, M2 

vs. M1, M1 vs. Media, and M2 vs. Media. The Log2 fold increase and decrease in  

gene expression was manually calculated from the linear ratios of all 770 genes per 

group, using the equation: Log2 fold change = Log2 (linear ratio). A heatmap was 

constructed using the subsequent Log2 fold change values from each group. Red 

represents upregulated targets (Log2 >0.0-10.5) and green represents 

downregulated targets (Log2 -10-<0.0). No statistical analyses were performed on 

this dataset since experimental arms were ran in singlet (n=1; N=1). 

 

https://www.nanostring.com/products/ncounter-systems-overview/ncounter-sprint-profiler
https://www.nanostring.com/products/ncounter-systems-overview/ncounter-sprint-profiler


Chapter 5: Unveiling new markers to define M subsets: a focused transcriptome-based search 

266 
 

 

         

M1>M2 only (42 genes)  M2>M1 only (40 genes)   M1>Media only (32 genes)  M2>Media only (15 genes) 

CXCL8 CEBPB  THBS1 TGFBR2  DUSP5 CSF1  HLA-DPA1 

S100A9 NOD2  TREM2 ITGAV  LAG3 SERPINA1  CD19 

CYBB TLR1  PPARG SLC16A1  SFRP4 PVRIG  G6PD 

LYZ GLUL  ITGAE BRD3  IRF9 SBNO2  FANCA 

ENTPD1 TLR2  MFNG POLD1  FPR1 HLA-DOA  CTSW 

FCN1 RNLS  MARCO DAB2  FAS TIGIT  HLA-DRA 

CLEC5A IGF2R  SPP1 CD36  CD47 CEACAM3  ITGA1 

ITGAL HLA-B  RASAL1 OLR1  PDGFB SLC1A5  VEGFC 

CD48 SNCA  CDK6 CLECL1  BRCA2 CCL5  IRF4 

HK2 TCL1A  PC FCGRT  STAT4   HES1 

MMP9 LILRA5  CD163 PIK3R1  EIF2AK2   ICAM5 

TLR8 BBC3  A2M PRKACB  DDB2   CTLA4 

FCAR CCL20  CSF1R ZAP70  GZMK   TNFRSF4 

SGK1 LILRB2  DEPTOR TNFRSF10D  ATF3   HLA-DPB1 

IL18 TLR3  OLFML2B KLRD1  NKG7   GZMB 

MAGEB2 HMGA1  TBXAS1 MS4A2  RELB    

TMEM140 TNFSF12  CDKN1C PDGFA  CDH11    

ITGB8 NFKB1  H2AFX   IL12RB2    

S100A12 ADM  CD4   CCL3/L1    

TLR7   PIK3R5   GOT1    

RIPK2   EGR1   IL21R    

BCAT1   TGFB2   STC1    

PTGER4   LCK   PPARGC1B    

           

(A) 
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M1>M2/Media (74 genes)  M2>M1/Media (34 genes) 
 

Both M1/M2>Media  
(But M1 and M2 are similar) (15 genes) 

IDO1 MX1 CMKLR1 ICAM1  CCL13 CCL14  HSD11B1 

CXCL9 IFIT2 TYMP HLA-E  MRC1 THBD   SOCS1 

CXCL10 CXCL11 TNF BAX  MS4A6A HLA-DQB1   PDCD1LG2 

SLAMF7 GBP2 STAT2 IL1A  FCGR2B ITGAM   JAG1 

GBP1 GIMAP4 HLA-A SIGLEC1  CCL18 CD86   CDKN1A 

IFI27 ISG15 MB21D1   CD209 MMRN2   IL1RN 

S100A8 IL1B PARP9   MS4A4A HLA-DRB1   C2 

RSAD2 IFI6 TNFAIP3   CCL22 CXorf36   C1QB 

FCGR1A IL15 NLRC5   CD1C SLC2A1   NECTIN2 

GBP4 CASP1 GIMAP6   WNT5A CDH1   VCAM1 

CCL2 APOL6 DTX3L   TNFRSF11A WNT11   C1QA 

IL32 ADGRE1 JAK2   HLA-DRB5   PRKCA 

IFITM1 RASGRF1 INHBA   NFATC2   HLA-DQA1 

IFIT3 TAP2 B2M   MYC   IL6 

CD38 IFIH1 LILRB4   CLEC7A   BATF3 

ARNT2 OAS1 HLA-F   WNT5B    

TAP1 OAS2 TRIM21   AQP9   M2>M1 and both M2/M1>Media (3 genes) 

IRF1 IFI35 PARP12   CCL4   IL1R2 

TNFAIP6 CSF2RB IFIT1   SAMSN1   FLT1 

STAT1 PSMB8 FOSL1   CRABP2   CD276 

TNFSF10 CCND1 HLA-DQA2   DNMT1    

CCL7 PSMB10 IL2RG   TRAF1    

PSMB9 IRF7 NBN   TBC1D10B    
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M1>M2 and both M1/M2>Media (10 genes) 
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JAK3 
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Figure 5.2. Nine M sub-groups, based on differences between M1, M2, and 

media control M groups, were identified using the NanoString PanCancer 

IO360 gene expression panel  

CD14+ PBMCs from three healthy donors were incubated with M1- and M2-

polarising cytokines (48 h) to generate M1 and M2 M controls or cultured without 

exogenous cytokines to generate media controls. RNA from each M subset was 

extracted using the TRIzolTM method, quantified using a NanoDropTM 2000 

Spectrophotometer, and quality controlled using a 2100 BioanalyserTM Instrument 

(as described in Materials and Methods). RNA from all three donors was pooled for 

each M control (M1/M2/media), and one pooled sample per control was ran on the 

NanoString cartridge. The cartridge was read using a NanoString Technologies 

nCounter® SPRINTTM Profiler. Quantification of transcripts of 770 onco-immune-

related genes in M1, M2, and media control Ms was performed using the 

NanoString PanCancer IO360 nCounter® gene expression panel with NanoString 

Technologies nSolverTM analysis software. Linear ratios were manually calculated in 

Microsoft Excel from the normalised NanoString raw count values to show 

expression changes for four experimental groups: M1>M2, M2>M1, M1>Media, and 

M2>Media. Linear fold changes were manually calculated from linear ratios using 

the equation: Fold change = Linear ratio (if linear ratio >1, ‘over-expression’). Genes 

which were upregulated ≥2-fold in each of the four groups are shown in Appendix 

5.1. A large proportion of genes were ≥2-fold upregulated in more than one of the 

four groups. Genes were sorted into one of nine sub-groups based on expression 

overlap between the experimental groups. A) A list of genes upregulated ≥2-fold in 

each of the nine sub-groups. Colours represent the nine different sub-groups. B) 

Summary Venn diagram of the nine sub-groups based on overlap of upregulated 

genes. Colours represent number of genes per sub-group, based on colour coding 

shown in A. No statistical analyses were performed on this dataset since 

experimental arms were ran in singlet (n=1; N=1). 
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The top 10/74 M1-specific genes increased by ≥2-fold compared to both M2 and media 

control Ms in this study included: IDO1, CXCL9, CXCL10, GBP1, RSAD2, IFI27, 

GBP4, IFIT3, IL32, and IFITM1 (Fig. 5.3A). Linear fold change increase ranged from 

24.8-1040.0 (Log2: 4.6-10.0; Fig. 5.3A) and 25.3-1467.6 (Log2: 4.7-10.5; Fig. 5.3A) for 

the M1>M2 and M1>Media groups, respectively (Appendix 5.1). IDO1 was the most 

highly upregulated M1-specific gene in both groups.  

The top 10/34 M2-specific genes increased by ≥2-fold compared to both M1 and media 

control Ms in this study included: CCL13, CCL18, CD209, CCL22, WNT5A, CD1C, 

MRC1, TNFRSF11A, MS4A6A, and FCGR2B (Fig. 5.3B). Linear fold change increase 

ranged from 7.1-113.1 (Log2: 2.8-6.8; Fig. 5.3B) and 3.7-191.0 (Log2: 1.9-7.6; Fig. 

5.3B) for the M2>M1 and M2>Media groups, respectively (Appendix 5.1). CCL13 was 

the most highly upregulated M2-specific gene in both groups.  

In summary, more M1-specific genes were upregulated ≥2-fold than M2-specific genes, 

with the magnitude of upregulation appearing approximately 8-fold higher for the top 10 

M1- compared to M2-specific genes. The results are in agreement with the findings 

shown in Chapter 4 regarding CXCL10 and MRC1 (CD206); at the protein level they 

were shown to be M1- and M2-specific markers, respectively. 
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5.2.2 TRIM21/B2M/ICAM1 and THBD/AQP9/TNFRSF11A as 
promising novel M1- and M2-specific genes, respectively 

Next, a literature search was performed on each of the subset-specific genes to identify 

novel markers which had not previously been associated with the M1- or M2-like M 

phenotype. Out of the 74 M1-specific genes, 57 (77.0%) had already been described 

as an M1-like M marker or expression reported to be induced by IFN or LPS 

treatment(395), 6 (8.1%) had controversially been associated with an M2-like M 

Figure 5.3. Top 10 M1- and M2-specific genes increased by ≥2-fold 

Gene expression differences between M1, M2 and media M controls was measured by 

NanoString nCounter® Technology. RNA from three healthy donor M experiments were 

pooled for each M control (M1/M2/media), and one pooled sample per control was ran on 

the NanoString cartridge. The cartridge was read using a NanoString Technologies 

nCounter® SPRINTTM Profiler. Quantification of transcripts of 770 onco-immune-related 

genes in M1, M2, and media control Ms was performed using the NanoString PanCancer 

IO360 nCounter® gene expression panel with NanoString Technologies nSolverTM analysis 

software. Linear ratios were manually calculated in Microsoft Excel from the normalised 

NanoString raw count values to show expression changes for four experimental groups: 

M1>M2, M2>M1, M1>Media, and M2>Media. Log2 fold changes were manually calculated 

from linear ratios using the equation: Log2 fold change = Log2 (linear ratio). Waterfall plots of 

A) Top 10 M1-specific genes which were increased ≥2-fold (dotted line) in both the M1>M2 

and M1>Media groups. B) Top 10 M2-specific genes which were increased ≥2-fold in both 

the M2>M1 and M2>Media groups. No statistical analyses were performed on this dataset 

since experimental arms were ran in singlet (n=1; N=1). 
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phenotype, and 11 (14.9%) had never been associated with the M1 M subset 

previously (Table 5.1). FCGR1A, also known as CD64, composed one of the 57 known 

M1 markers, supporting previous findings discussed in Chapters 3 and 4 that CD64 is a 

strong M1-specific M marker.  

When considering the 34 M2-specific genes, 14 (41.1%) had been reported as markers 

of M2 Ms, 12 (35.3%) had controversially been associated with M1-like Ms or other 

immune cells, and 8 (23.5%) had never been associated with the M2 M subset 

previously (Table 5.2). From the novel M1-specfic (ARNT2; CCND1; RASGRF1; HLA-

DQA2; IL2RG; GIMAP6; HLA-F; HLA-A; HLA-E; B2M; TRIM21) and M2-specfiic 

(TBC1D10B; THBD; AQP9; HLA-DQB1; NFATC2; MMRN2; CXorf36; WNT11) gene 

lists (Table 5.1 and Table 5.2), two candidate genes were chosen for each subset for 

validation. Out of interest, one controversial target from the M1-specific (CCL7; 

TNFAIP6; FOSL1; TYMP; ICAM1; LILRB4) and M2-specific (WNT5A; CD1C; 

TNFRSF11A; FCGR2B; DNMT1; HLA-DRB5; TRAF1; HLA-DRB1; CCL4; SLC2A1; 

SAMSN1; CD86) gene lists (Table 5.1 and Table 5.2) was also selected for each 

subset. Generic HLA categories (A/E/F) were removed from validation as these are 

likely not M-specific, but broadly expressed by multiple cell types. HLA-DQA2, HLA-

DQB1, HLA-DRB5, and HLA-DRB1 were also omitted from validation to eliminate 

potential donor-specific markers which are not globally representative of M subsets, 

since these alleles vary per individual.  

Since the ultimate aim of this study was to identify novel M markers which would aid 

in defining M subsets, as well as intermediate myeloid cell populations (MU/MT), the 

targets selected for validation would have to have a commercially available antibody 

applicable to, and optimised for, flow cytometry to enable protein quantification and 

two-marker analyses.  
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Gene name 

Associated with M1-

like Ms 

(phenotype/polarising 

cytokines) in the 

literature? 

References 

IDO1 Yes M1-related literature available(397, 399). 

CXCL9 Yes M1-related literature available(400). 

CXCL10 Yes M1-related literature available(400). 

GBP1 Yes M1-related literature available(401, 402). 

RSAD2 Yes M1-related literature available(397, 403). 

IFI27 Yes M1-related literature available(397).  

GBP4 Yes M1-related literature available(397). 

IFIT3 Yes M1-related literature available(401, 404). 

IL32 Yes M1-related literature available(405). 

IFITM1 Yes M1-related literature available(397). 

ARNT2 No No M1-related literature available. 

CD38 Yes M1-related literature available(398, 406). 

STAT1 Yes M1-related literature available(393). 

TAP1 Yes M1-related literature available(395). 

CCL2 Yes M1-related literature available(407). 

FCGR1A Yes M1-related literature available(292, 293, 296, 297). 

Table 5.1. Identifying novel M1-specfic genes increased by ≥2-fold 

Gene expression differences between M1, M2 and media M controls was measured by 

NanoString nCounter® Technology. RNA from three healthy donor M experiments were 

pooled for each M control (M1/M2/media), and one pooled sample per control was ran on 

the NanoString cartridge. The cartridge was read using a NanoString Technologies 

nCounter® SPRINTTM Profiler. Quantification of transcripts of 770 onco-immune-related 

genes in M1, M2, and media control Ms was performed using the NanoString PanCancer 

IO360 nCounter® gene expression panel with NanoString Technologies nSolverTM analysis 

software. Linear ratios were manually calculated in Microsoft Excel from the normalised 

NanoString raw count values to show expression changes for four experimental groups: 

M1>M2, M2>M1, M1>Media, and M2>Media. Linear fold changes were manually calculated 

from linear ratios using the equation: Fold change = Linear ratio (if linear ratio >1, ‘over-

expression’). All M1-specific genes (74) which were increased ≥2-fold in both the M1>M2 

and M1>Media groups are shown. Genes are annotated with ‘Yes’, ‘Controversial’, or ‘No’ 

depending on whether they have or have not been associated with M1-like Ms in the 

literature (associated references given in table). No statistical analyses were performed on 

this dataset since experimental arms were ran in singlet (n=1; N=1). 
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IFIT2 Yes M1-related literature available(395, 404). 

PSMB9 Yes M1-related literature available(388, 394). 

MX1 Yes M1-related literature available(408). 

SLAMF7 Yes M1-related literature available(409, 410). 

CCL7 Controversial Both M1- and M2-like Ms have been shown to express 

CCL7, although dominantly an M1-related chemokine(395, 411). 

IRF1 Yes M1-related literature available(412). 

CXCL11 Yes M1-related literature available(411). 

GBP2 Yes M1-related literature available(413). 

IFI6 Yes M1-related literature available(414). 

TNFSF10 Yes M1-related literature available(396, 415). 

ISG15 Yes M1-related literature available(416). 

OAS2 Yes M1-related literature available(396). 

TNFAIP6 Controversial 
Expression of TNFAIP6 gene, also known as TSG6, has been 

reported to mediate M2-like M polarisation(417, 418). 

IRF7 Yes M1-related literature available(395, 410). 

IFI35 Yes M1-related literature available(395). 

TAP2 Yes M1-related literature available(419). 

INHBA Yes M1-related literature available(398, 410). 

PARP9 Yes M1-related literature available(395). 

APOL6 Yes M1-related literature available(388). 

IFIH1 Yes M1-related literature available(395, 410). 

IL1B Yes M1-related literature available(395). 

FOSL1 Controversial 
FOSL1, also known as Fra-1, signalling has previously been 

related to M2d M polarisation(420). 

PSMB8 Yes M1-related literature available(395). 

CSF2RB Yes M1-related literature available(421, 422). 

ADGRE1 Yes M1-related literature available(423). 

IL15 Yes M1-related literature available(395, 424). 

PSMB10 Yes M1-related literature available(425). 

JAK2 Yes M1-related literature available(395, 426). 
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TYMP Controversial 
TYMP protein expression correlated with CD68+ (pan-)TAM 

expression in colorectal cancer tissue and described as a 

marker of pro-tumour TAMs in breast cancer(427, 428). 

PARP12 Yes M1-related literature available(410). 

IFIT1 Yes M1-related literature available(404). 

CCND1 No 
Studies have demonstrated a dramatic upregulation of both 

cell cycle- and proliferation-related genes (including 

CCND1/Cyclin D1) in mature Ms(388, 429).     

RASGRF1 No 

RASGRF1 observed to be expressed at high levels on non-

committed Ms at the RNA level, and is downregulated 

following M1/M2 M polarisation(395). 

ICAM1 Controversial 

ICAM1 deficiency or blockade has been associated with both 

M1- and M2-like M polarisation(404, 430, 431) however, the 

soluble form of this protein has been associated with M1 M 

attraction(432). 

OAS1 Yes M1-related literature available(396, 415). 

TNF Yes M1-related literature available(396, 433). 

MB21D1 Yes M1-related literature available(433). 

DTX3L Yes M1-related literature available(434, 435). 

CASP1 Yes M1-related literature available(436, 437). 

GIMAP4 Yes M1-related literature available(438, 439). 

SIGLEC1 Yes M1-related literature available(384, 440). 

NLRC5 Yes M1-related literature available(441). 

HLA-DQA2 No 

HLA-DQ is an  heterodimer which composes MHC class II. 

Additional HLAs corresponding to MHCII are HLA-DP, -DM, -

DOA, -DOB, and -DR. Whilst HLA-DR is a common marker of 

M1-like Ms(95, 297-300), HLA-DQ specifically has not been 

linked to the M1 phenotype, but may act similarly to other 

HLA molecules which encode MHCII. 

STAT2 Yes M1-related literature available(395, 410). 

LILRB4 Controversial 
LILRB4 is an inhibitory immune molecule and increased 

expression activates M2-like Ms(343, 442). 

IL2RG No 

LPS stimulation increases IL-2R (IL2RA) expression on 

myeloid cells however, IL2RG specifically has not been linked 

to the M1-like M subtype, but may act similarly to other IL-

2R subunits(443). 

GIMAP6 No 
GIMAP4, but not GIMAP6, has been reported to be 

upregulated during and following M1-like M polarisation in 

response to Th1 cytokines(439). 
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HLA-F No No M1-related literature available. 

HLA-A No 
Expression of HLA-A is increased during monocyte to M 

differentiation but is constitutively expressed by all M 

subsets(444). 

CMKLR1 Yes M1-related literature available(445). 

BAX Yes M1-related literature available(446). 

HLA-E No 
Expression of HLA-E is increased during monocyte to M 

differentiation but is constitutively expressed by all M 

subsets(447). 

TNFAIP3 Yes M1-related literature available(395). 

S100A8 Yes M1-related literature available(448). 

B2M No No M1-related literature available. 

IL1A Yes M1-related literature available(449). 

TRIM21 No 
16-fold higher TRIM21 mRNA expression observed in 

monocyte-derived Ms compared to monocytes(450). 

NBN Yes M1-related literature available(451). 

 

As such, TRIM21/B2M/ICAM1 appeared the most promising novel M1-specific targets 

for validation, respectively. ICAM1, also known as intercellular adhesion molecule 1, is 

a transmembrane glycoprotein involved in cell-cell communication and mediating 

downstream signalling. Whilst studies defined ICAM1 as an M1-specific gene in 

mice(404, 452), controversy surrounds the use of ICAM1 as an M1-like M marker in 

humans, since ICAM1 depletion has been related to an increase in both M1- and M2-

like M polarisation(404, 430, 431). Additionally, when in its soluble form, ICAM1 can recruit 

M1-like Ms to site of protein shedding(432). B2M, also known as 2 microglobulin, is a 

chaperone protein for the MHCI complex known to be constitutively expressed the 

majority of cell types(453). As such, B2M has been used as a stably-expressed 

housekeeping gene in previous M studies(454-456). Whilst no direct link between B2M 

expression and the M1-like M phenotype in the literature, controversy surrounds the 

stability of B2M gene expression following LPS stimulation of myeloid cells(457). 

Additionally, since generic MHCI molecules (HLA-A/E/F) were found to be upregulated 

in M1-like Ms, it is not surprising that the MHC-related molecule, B2M was additionally 

identified as an M1-specific candidate in this study (Table 5.1). Unlike other MHCI 

components, B2M is not covalently bound to the MHCI complex and can subsequently 

be shed into the extracellular space where it enters bodily fluids. Soluble B2M has 
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been reported to induce pro-inflammatory monocyte responses(453), although its effect 

on Ms has not been elucidated.  

Similarly, TRIM21, a cytosolic antibody receptor and ubiquitin ligase which recognises 

Fc portions of virus-bound antibodies(458), has not previously been associated with the 

M1-like M specifically, but mRNA expression has been observed to be 16-fold higher 

in MDMs than monocytes(450).  

 

Gene name 

Associated with M2-

like Ms 
(phenotype/polarising 

cytokines) in the 
literature? 

References 

CCL13 Yes M2-related literature available(397). 

CCL18 Yes M2-related literature available(459). 

CD209 Yes M2-related literature available(397, 460). 

CCL22 Yes M2-related literature available(461). 

WNT5A Controversial 

In general, Wnt signalling has been shown to induced 
a suppressive M2 phenotype however, Wnt5A 

specifically has been observed in M1-like Ms 

following LPS and IFN stimulation(429, 462). 

CD1C Controversial 

Expression of CD1c can be induced on conventional 

dendritic cells and monocyte-derived cells in in vitro 

culture, as well as in tissues(463). 

MRC1 Yes M2-related literature available(89, 94, 95, 100, 239, 296, 297, 299). 

Table 5.2. Identifying novel M2-specfic genes increased by ≥2-fold 

Gene expression differences between M1, M2 and media M controls was measured by 

NanoString nCounter® Technology. RNA from three healthy donor M experiments were 

pooled for each M control (M1/M2/media), and one pooled sample per control was ran on 

the NanoString cartridge. The cartridge was read using a NanoString Technologies 

nCounter® SPRINTTM Profiler. Quantification of transcripts of 770 onco-immune-related 

genes in M1, M2, and media control Ms was performed using the NanoString PanCancer 

IO360 nCounter® gene expression panel with NanoString Technologies nSolverTM analysis 

software. Linear ratios were manually calculated in Microsoft Excel from the normalised 

NanoString raw count values to show expression changes for four experimental groups: 

M1>M2, M2>M1, M1>Media, and M2>Media. Linear fold changes were manually calculated 

from linear ratios using the equation: Fold change = Linear ratio (if linear ratio >1, ‘over-

expression’). All M2-specific genes (34) which were increased ≥2-fold in both the M2>M1 

and M2>Media groups are shown. Genes are annotated with ‘Yes’, ‘Controversial’, or ‘No’ 

depending on whether they have or have not been associated with M2-like Ms in the 

literature (associated references given in table). No statistical analyses were performed on 

this dataset since experimental arms were ran in singlet (n=1; N=1). 
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TNFRSF11A Controversial 

TNFRSF11A, also known as RANK, has been found to 

be highly expressed on most tissue Ms but has not 

been associated with either the M1 or M2 subset 

specifically. Studies have reported RANK to be 

associated with pro-inflammatory NFB and MAPK 

signalling in mice however, expression has been 

shown to decrease following LPS stimulation in 

humans(464, 465). 

MS4A6A Yes M2-related literature available(466). 

WNT5B Yes M2-related literature available(394). 

FCGR2B Controversial 

FCGR2B, also known as CD32, has been shown to be 

equally expressed on all M subsets, as well as being 

described as both an M1- and M2-specific marker by 

different sources(229, 467, 468). 

ITGAM Yes M2-related literature available(292, 293). 

DNMT1 Controversial 

Whilst DNMT3B is the only DNMT with a known role in 

M2 polarisation, DNMT1 has been shown to induce 

TNF and IL-6 production, resulting in promotion of 

M1-like M polarisation, and suppression of the M2 

activity(469). 

CRABP2 Yes M2-related literature available(419). 

MYC Yes M2-related literature available(469). 

HLA-DRB5 Controversial HLA-DR is a common marker of M1-like Ms(95, 297-300). 

TBC1D10B No No M2-related literature available. 

TRAF1 Controversial 
TRAF1 and TRAF2 have previously been linked to pro-

inflammatory M1-like M polarisation(395, 470). 

CCL14 Yes M2-related literature available(388). 

THBD No 

Thrombomodulin has been shown to increase M 

adhesion and infiltration into inflamed tissues and has 

been associated with both anti- and pro-inflammatory 

immune responses, but has not been related to M1- or 

M2-like Ms specifically(471, 472). 

AQP9 No 

AQP9 has been the main aquaporin observed in Ms 

but studies have only focused on its role in aiding M 

communication with bacterial cells and innate 

immune cell killing. AQP9 was observed to be 

increased following IL-4 stimulation at the mRNA 

level(473), although differential expression of AQP9 in 

M1/M2 M subsets has not been explored(474). 

HLA-DQB1 No 

HLA-DQ is an  heterodimer which composes MHC 

class II. Additional HLAs corresponding to MHC II are 

HLA-DP, -DM, -DOA, -DOB, and -DR. Whilst HLA-DR is a 

common marker of M1-like Ms(95, 297-300), HLA-DQ 

specifically has not been linked to the M1 or M2 

phenotype. 

HLA-DRB1 Controversial HLA-DR is a common marker of M1-like Ms(95, 297-300). 
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NFATC2 No 

NFATC1 and NFATC2 has been involved in M to 

osteoclast formation and are related to RANKL/RANK 

signalling(475). 

CCL4 Controversial 

CCL4, also known as macrophage inflammatory 

protein-1, incudes pro-inflammatory cytokine release 

from Ms and stromal cells however, CCL4 secretion 

from tumour cells actively recruits monocytes to the 

tumour site and mediated monocyte to TAM 

formation(476). 

SLC2A1 Controversial 

SLC2A1, also known as GLUT1, has been observed to 

majorly drive pro-inflammatory M1-like M 

polarisation(477, 478). 

MMRN2 No No M2-related literature available. 

CDH1 Yes M2-related literature available(479). 

CXorf36 No No M2-related literature available. 

SAMSN1 Controversial 
SAMSN1 gene knockout was related to pro-

tumorigenic (M2) M polarisation in vivo(480). 

WNT11 No 
Previously been associated with M to monocyte 

transition where Wnt11 blockade favours M 
formation(481). 

MS4A4A Yes M2-related literature available(482). 

CD86 Controversial 
Shown to be an M1-specific marker in the 

literature(293). 

CLEC7A Yes M2-related literature available(410). 

 

In addition, THBD/AQP9/TNFRSF11A appeared the most promising novel M2-specific 

targets for validation, respectively. Thrombomodulin (THBD) has been shown to 

increase M adhesion and infiltration into inflamed tissues and has been associated 

with both anti- and pro-inflammatory immune responses, but has not been related to 

M1- or M2-like Ms specifically(471, 472). Moreover, AQP9, is an aquaglyceroporin; an 

integral membrane protein which permeates glycerol, as well as water, in cells. 

Although AQP9 is the main aquaporin (AQP) expressed in Ms, research has been 

limited to understanding the role of this protein in aiding M communication with 

bacterial cells to promote innate immune cell killing(474). As such, the differential 

expression in M subsets has not previously been explored. Similarly, TNFRSF11A, 

also known as receptor activator of nuclear factor kappa B (RANK), has been found to 

be highly expressed on most tissue Ms but has not been associated with either the 

M1 or M2 subset specifically. Studies have reported RANK to be associated with pro-

inflammatory NFB and MAPK signalling in mice however, expression has been shown 

to decrease following LPS stimulation in humans(464, 465). 
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5.2.3 RT-qPCR validation of RNA targets largely support the 
NanoString results  

To account for any specific donor outliers contributing to false-positive signal, target 

expression was validated for each M subset comparing each healthy donor 

individually, to the pooled RNA sample (used for NanoString), using RT-qPCR (Fig. 5.4 

and Fig. 5.5). Unlike NanoString Technologies, RT-qPCR employs cDNA quantification 

as a measure of gene expression. RT-qPCR analysis was performed using separate 

primers for each target of interest. NanoString gene expression data of pooled donor 

samples revealed ICAM1 to be upregulated in M1-like Ms compared to M2 and media 

controls Ms by 2.3- and 3.6-fold, respectively (Fig. 5.4A). Similar trends were 

observed by RT-qPCR in 3/3 individual donor samples, with M1-like Ms expressing 

significantly higher levels of ICAM1 than the media controls (Fig. 5.4A). NanoString 

gene expression analysis of pooled donor samples showed B2M and TRIM21 to be 

increased in M1-like Ms compared to M2 and media control Ms by ≥2.8-fold and 2.2-

fold, respectively (Fig. 5.4B-C). Similar trends in B2M and TRIM21 expression were 

observed by RT-qPCR in 3/3 and 2/3 individual donor samples, respectively. However, 

no significant difference in target expression was observed between any experimental 

arm (Fig. 5.4B-C). Overall, NanoString and RT-qPCR detected similar gene expression 

trends and fold change differences of ICAM1, B2M, and TRIM21 in the pooled 

samples. 

In summary, ICAM1, but not B2M or TRIM21, was considered a useful marker of M1-

like Ms at the RNA level however, these findings need to be validated at the protein 

level (explored in section 5.2.4). 
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Figure 5.4. RT-qPCR validation of M1-specific genes identified using the NanoString PanCancer IO360 gene expression panel 

Gene expression differences between M1, M2 and media M controls was measured by NanoString nCounter® Technology or RT-qPCR. RNA from three 

healthy donor M polarisation experiments were extracted and either pooled for each M control (M1/M2/media) or kept separate for future analysis. One pooled 

sample per control was ran on the NanoString cartridge (n=1; N=1). The cartridge was read using a NanoString Technologies nCounter® SPRINTTM Profiler. 

Quantification of transcripts of 770 onco-immune-related genes in M1, M2, and media control Ms was performed using the NanoString PanCancer IO360 

nCounter® gene expression panel with NanoString Technologies nSolverTM analysis software. Normalised NanoString raw mRNA count values shown. RT-

qPCR was performed on each individual sample, and the pooled samples, to validate the NanoString Technologies data. Samples were run in technical 

duplicate (n=2). Separate primers were used for each gene of interest and differential target expression was calculated by the 2-ΔCT method, where target gene 

expression was normalised against, and is relative to, reference gene (GAPDH) cycle thresholds (CT). Fold changes were manually calculated based on 

differences in 2-ΔCT values between experimental arms. From left to right, graphs demonstrate: 1) Raw mRNA counts from pooled samples (orange) using 

NanoString nCounter® Technology (n=1; N=1), 2) Target expression of all samples by RT-qPCR (n=2; N=1; mean ± SEM of technical duplicates), with blue 

representing individual donor results and orange representing pooled donor sample results, 3) Target expression of individual samples (blue) by RT-qPCR (n=2; 

N=3; symbols represent the mean target expression (of duplicate measures) for each donor, with lines displaying the grand mean of the overall dataset (three 

healthy donor M sets), and 4) Target expression of pooled samples (orange) by RT-qPCR (n=2; N=1; mean ± SEM of technical duplicates) for A) ICAM1, B) 

B2M, and C) TRIM21. No statistical analyses were performed on datasets where <N=3 independent healthy donor M sets were assessed. Statistically 

significant differences compared to all conditions are shown and marked as *p < 0.05; **p < 0.01; ***p < 0.001. mRNA counts were thresholded as present 

above the geometric mean of the endogenous negative controls (15.4). 
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NanoString gene expression data of pooled donor samples revealed upregulated 

expression of TNFRSF11A and THBD in M2-like Ms compared to M1 and media 

controls Ms by ≥2.7- and ≥2.9-fold, respectively (Fig. 5.5A and Fig. 5.5C). Similar 

trends were observed by RT-qPCR in TNFRSF11A and THBD expression was 

observed in 1/3 and 3/3 individual donor samples, respectively, with M2-like Ms 

expressing significantly higher levels of TNFRSF11A and THBD than both the M1 and 

media M controls (Fig. 5.5A and Fig. 5.5C). Discrepancies in TNFRSF11A levels in 

M1 and media control Ms observed between NanoString and RT-qPCR data may be a 

result of differences in technology and lack of technical replicates used for NanoString 

analysis. Regardless, TNFRSF11A, like THBD, appeared a good M2-specific marker at 

the RNA level using both NanoString Technologies and RT-qPCR. NanoString gene 

expression analysis of pooled donor samples showed AQP9 to be increased in M2-like 

Ms compared to the M1 and media controls by ≥3.9-fold and 2.8-fold, respectively 

(Fig. 5.5B). Similar trends in AQP9 were observed by RT-qPCR in 3/3 individual donor 

samples however, no significant difference in target expression was observed between 

any experimental arm (Fig. 5.5B). Overall, NanoString and RT-qPCR detected similar 

trends in expression of AQP9 and THBD, but not TNFRSF11A, in the pooled samples. 

Whilst the fold change differences appeared similar between NanoString Technologies 

and RT-qPCR outputs for AQP9, the magnitude of fold change differences measured 

by RT-qPCR for TNFRSF11A and THBD were up to 24-times greater than those 

measured using NanoString Technologies.  

In summary, TNFRSF11A and THBD, but not AQP9, were considered useful markers 

of M2-like Ms at the RNA level; again, these findings need to be validated at the 

protein level (explored in section 5.2.4).
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Figure 5.5. RT-qPCR validation of M2-specific genes identified using the NanoString PanCancer IO360 gene expression panel 

Gene expression differences between M1, M2 and media M controls was measured by NanoString nCounter® Technology or RT-qPCR. RNA from three 

healthy donor M polarisation experiments were extracted and either pooled for each M control (M1/M2/media) or kept separate for future analysis. One pooled 

sample per control was ran on the NanoString cartridge (n=1; N=1). The cartridge was read using a NanoString Technologies nCounter® SPRINTTM Profiler. 

Quantification of transcripts of 770 onco-immune-related genes in M1, M2, and media control Ms was performed using the NanoString PanCancer IO360 

nCounter® gene expression panel with NanoString Technologies nSolverTM analysis software. Normalised NanoString raw mRNA count values shown. RT-

qPCR was performed on each individual sample, and the pooled samples, to validate the NanoString Technologies data. Samples were run in technical 

duplicate (n=2). Separate primers were used for each gene of interest and differential target expression was calculated by the 2-ΔCT method, where target gene 

expression was normalised against, and is relative to, reference gene (GAPDH) cycle thresholds (CT). Fold changes were manually calculated based on 

differences in 2-ΔCT values between experimental arms. From left to right, graphs demonstrate: 1) Raw mRNA counts from pooled samples (orange) using 

NanoString nCounter® Technology (n=1; N=1), 2) Target expression of all samples by RT-qPCR (n=2; N=1; mean ± SEM of technical duplicates), with blue 

representing individual donor results and orange representing pooled donor sample results, 3) Target expression of individual samples (blue) by RT-qPCR (n=2; 

N=3; symbols represent the mean target expression (of duplicate measures) for each donor, with lines displaying the grand mean of the overall dataset (three 

healthy donor M sets), and 4) Target expression of pooled samples (orange) by RT-qPCR (n=2; N=1; mean ± SEM of technical duplicates) for A) TNFRSF11A, 

B) AQP9, and C) THBD. No statistical analyses were performed on datasets where <N=3 independent healthy donor M sets were assessed. Statistically 

significant differences compared to all conditions are shown and marked as *p < 0.05; **p < 0.01; ***p < 0.001. mRNA counts were thresholded as present 

above the geometric mean of the endogenous negative controls (15.4). 
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5.2.4 Protein validation of RNA targets revealed CD54 and B2M 
as novel M1-specifc markers  

Whilst ICAM1 and TNFRSF11A/THBD appeared the most promising novel M1- and 

M2-specific targets at the RNA level, respectively, gene expression does not always 

reflect total protein expression. Additionally, whilst target expression appeared low for 

some candidate genes, differential expression ≥2-fold was assumed to be detectable at 

the protein level. Therefore, all targets were additionally validated on M1/M2/media 

control Ms at the protein level by flow cytometry (representative gating strategy shown 

in Appendix 5.2). 

To better reflect the above RNA analyses, total protein expression was assessed by 

staining cells both at the surface, and intracellularly, with the target antibody. All M1- 

and M2-specific targets were included in one flow cytometry antibody panel and 

expression was compared against known markers, CD64 (M1) and CD206 (M2), in a 

parallel experiment. MFI and the percentage of high positive cells (distinct high 

populations above unstained and marker negative/low positive controls) were 

measured to determine marker expression levels.  

Protein validation of M1-specifc gene candidates  

Similar to earlier results, CD64 expression was significantly higher in M1-like Ms 

(MFI 7588.4; 76.5% CD64hi cells) compared to the M2 and media controls (MFI 

565.1-814.7; 0.3-2.8% CD64hi cells) (Fig. 5.6A). CD54, also known as ICAM1, 

expression was significantly increased in M1-like Ms (MFI 14671; 96.4% CD54hi 

cells) compared to M2 and media control Ms (MFI 2303.7-6208.2; 1.6-47.0% CD54hi 

cells) (Fig. 5.6B). Additionally, M2-like M cultures contained significantly more CD54hi 

cells than the media controls. These protein data are in accordance with the gene 

expression findings, and indicate that CD54 (ICAM1) could potentially be used to 

distinguish M1 from M2 and ‘unpolarised’ Ms. Moreover, at the protein level, CD54 

expression was capable of further distinguishing M2 and ‘unpolarised Ms, unlike 

CD64. 

In agreement with the gene expression trends data, B2M was observed to be an M1-

specific marker at the protein level, with B2M being more highly expressed by M1-like 

Ms (MFI 8240.8; 97.2% B2Mhi cells), compared to the M2 and media control Ms 

(MFI 984.8-1674.0; 1.6-8.7% B2Mhi cells) (Fig. 5.6C). Additionally, unlike CD64, B2M 

could also be used to distinguish M2 from media control/’unpolarised’ M cultures since 

M2-like M cultures contained significantly lower frequencies of B2Mhi myeloid cells 
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than any other experimental arm. Despite these differences in cell frequencies, there 

was no observable difference in overall protein expression levels.  

Finally, TRIM21 protein expression was significantly higher in M1-like Ms (MFI 

8823.9; 99.0% TRIM21hi cells) compared to the media controls (MFI 7426.2; 91.7% 

TRIM21hi cells). Whilst the proportion of TRIM21hi myeloid cells present in M2 control 

cultures (91.4%) was also significantly lower than that of M1 control cultures, no 

observable difference in overall protein expression levels were noted (M2 controls: 

MFI 7972.0), limiting the utility of this protein as a reproducible M1-specific marker 

(Fig. 5.6D).  

In conclusion, this study implicated CD54 (ICAM1) and B2M as useful M1-specific M 

markers, at the protein level. In contrast, similarly to the molecular findings, M1- and 

M2-like M subsets could not be consistently distinguished when assessing TRIM21 

marker expression alone. Therefore, this protein is not a good marker of M1-like Ms 

and would not be of use to explore in future study.  
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Figure 5.6. CD54 and B2M were validated as novel M1-specifc markers at the protein 

level  

CD14+ PBMCs from three healthy donors were incubated with M1- and M2-polarising 

cytokines (48 h) to generate M1 and M2 M controls or without exogenous cytokines to 

generate media controls. The total protein (surface and intracellular) expression of A) CD64, 

B) CD54 (ICAM1), C) B2M, and D) TRIM21 in M controls was assessed by measuring the 

delta mean fluorescence intensity of each protein (MFI; MFI for antibody-labelled sample 

minus MFI in unstained control) and percentagehi cells expressing each protein, by flow 

cytometry. Statistical analyses were carried out by applying an ANOVA with Tukey’s post-

hoc test. Data represent mean ± SEM, calculated from N=6 biological replicates , with 

statistically significant differences compared to all conditions marked as *p < 0.05; **p < 

0.01; ***p < 0.001. Data given as a percentage of parent (live CD14+) gate and are pooled 

from six healthy donor experiments (N=6).  
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Protein validation of M2-specifc gene candidates  

Whilst the expression of CD206 was significantly upregulated in M2 control Ms (MFI 

15122; 78.7% CD206hi cells), compared to both the M1 and media controls (MFI 

139.9-2397.9; 1.5-46.0% CD206hi cells), its expression in ‘unpolarised’ Ms was 

extremely variable (MFI 2397.9±799.7; 46.0±29.2% CD206hi cells), as observed in 

previous chapters (Fig. 5.7A). As such, CD206 alone may not be an optimal M2-

specific marker since it cannot reproducibly distinguish between M2 and ‘unpolarised’ 

M subsets. However, no novel M2-like M marker appeared to be M2-specific since 

expression of RANK (TNFRSF11A), AQP9, and CD141 (THBD) in M2-like Ms was not 

significantly higher than that in M1 and media control cultures (Fig. 5.7B-D). In fact, 

AQP9 protein expression levels, in contrast to the transcriptomic findings, were 

significantly elevated in M1-like M cultures, compared to any other experimental arm 

(Fig. 5.7C), however overall expression levels for each condition were low (MFI 

349.3-674.7; 0.9-1.2% AQP9hi cells). In general, the same donor contributed to the 

large differences in marker readouts observed within each experimental arm, e.g. the 

highest percentage RANKhi and AQP9hi datapoints within each of the M1, M2, and 

Media control arms were obtained from the same healthy donor experiment. Such large 

inter-donor variability may have limited the significance of our findings. 

In conclusion, whilst CD54 and B2M were identified novel M1-specific protein markers 

in this study, no novel M2-specific markers, superior to that of CD206, were validated 

at the protein level. As such, RANK (TNFRSF11A), AQP9, and CD141 (THBD) were 

not consistently useful markers of M2-like Ms. Further studies need to explore 

dominant cellular locations of each target, and the influence of this on total protein 

expression.  
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Figure 5.7. No novel RNA targets appeared M2-specific at the protein level  

CD14+ PBMCs from three healthy donors were incubated with M1- and M2-polarising 

cytokines (48 h) to generate M1 and M2 M controls. Myeloid cells were cultured without 

exogenous cytokines to generate media controls. The total protein (surface and intracellular) 

expression of A) CD206, B) RANK (TNFRSF11A), C) AQP9, and D) CD141 (THBD) in M 

controls was assessed by measuring the delta mean fluorescence intensity of each protein 

(MFI; MFI for antibody-labelled sample minus MFI in unstained control) and percentagehi 

cells expressing each protein, by flow cytometry. Statistical analyses were carried out by 

applying an ANOVA with Tukey’s post-hoc test. Data represent mean ± SEM, calculated 

from N=6 biological replicates , with statistically significant differences compared to all 

conditions marked as *p < 0.05; **p < 0.01; ***p < 0.001. Data given as a percentage of 

parent (live CD14+) gate and are pooled from six healthy donor experiments (N=6).  
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The use of CD206 and B2M in combination to better distinguish M2-like 

and unpolarised M subsets 

Since B2M was shown to be upregulated on ‘unpolarised’ Ms, compared to the M2 

controls, and CD206 was shown to be additionally expressed by media control 

cultures, a two-marker analysis approach was next used to determine whether 

‘unpolarised’ myeloid cells could be distinguished from M2-like Ms based on 

CD206hiB2Mhi and CD206hiB2Mlo cell quadrant gating, respectively.  

In keeping with the previous findings of this thesis, when assessing M subsets using 

the original CD64 and CD206 combination approach, CD206loCD64hi quadrant gating 

was capable of distinguishing M1 from M2 and media control Ms (Fig. 5.8A; Fig. 

5.8A(i) shows representative gating strategy). Whilst a significantly higher percentage 

of CD206hiCD64lo cells were found in M2 control cultures (87.5%) than for any other M 

condition, the majority of media control Ms also exhibited a CD206hiCD64lo phenotype 

(54.4%) (Fig. 5.8A(ii)). As such, ‘unpolarised’ Ms did not reproducibly fall into any 

marker quadrant, distinct from M2-like cells (including that of intermediate quadrants 

CD206loCD64lo (26.7%) and CD206hiCD64hi (16.3%); Fig. 5.8A(ii)).  

In contrast, M1-like, M2-like, and ‘unpolarised’ M subsets could be consistently 

distinguished based on the percentage of CD206loB2Mhi, CD206hiB2Mlo, and 

CD206hiB2Mhi expressing cells, respectively (demonstrated by the representative 

gating strategy shown in Fig. 5.8B(i)). Specifically, a significantly higher percentage of 

CD206loB2Mhi, CD206hiB2Mlo, and CD206hiB2Mhi myeloid cells were observed in M1 

(98.4%), M2 (81.7%), and media control (46.7%) M cultures, compared to any other 

experimental arm (Fig. 5.8B(ii)). Interestingly, a higher percentage of M1-like Ms 

could be measured from M1 control cultures using CD206/B2M, compared to 

CD206/CD64 two-marker analyses (77.4% vs. 98.4%, respectively; Fig 5.8B(ii)). The 

percentage of CD206loCD64lo cells remained unchanged in all M cultures (Fig. 5.8B). 

In conclusion, simultaneous two-marker analyses of CD206/B2M expression using a 

quadrant gating approach could better distinguish three different M subsets (M1-like, 

M2-like, and ‘unpolarised’ Ms) in in vitro culture, compared to CD206/CD64. Further 

experiments should be conducted to assess the ability of this marker combination to 

identify additional transitional myeloid cell subsets prior to its use in future M plasticity 

monitoring studies.  
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Figure 5.8. CD206 and B2M in combination could better distinguish M2-like and unpolarised M subsets than CD206 and CD64 

A(i) CD206hi/loCD64hi/lo quadrant (two-marker) gating denoting different M populations for M1, M2, and unpolarised media control cultures. (ii) The 

percentage of CD206hiCD64lo (upper left), CD206hiCD64hi (upper right), CD206loCD64lo (lower left), and CD206loCD64hi (lower right) myeloid cells generated 

by the positive (M1/M2) and unstimulated media control M cultures were determined using two-marker analyses. B(i) CD206hi/loB2Mhi/lo quadrant (two-

marker) gating denoting different M populations for M1, M2, and unstimulated media control cultures. (ii) The percentage of CD206hiB2Mlo (upper left), 

CD206hiB2Mhi (upper right), CD206loB2Mlo (lower left), and CD206loB2Mhi (lower right) myeloid cells generated by the positive (M1/M2) and unstimulated 

media control M cultures were determined using two-marker analyses. Marker expression representative of total protein (surface and intracellular) analysis. 

Statistical analyses were carried out by applying an ANOVA with Tukey’s post-hoc test. Data given as a percentage of parent (live CD14+) gate and 

represent mean ± SEM, calculated from N=3 biological replicates, with statistically significant differences compared to all conditions marked as *p < 0.05; 

**p < 0.01; ***p < 0.001. Data are pooled from three independent healthy donor experiments (N=3). Unstained cells were used as a negative gating control 

for all markers. CD64-PerCP/Cy5.5, CD206-BV421, and B2M-APC fluorescence minus one (FMO) controls were additionally used to advise placement of 

quadrant gates. 
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Aquaglyceroporins are differentially expressed on M subsets 

As shown above, AQP9, which is one of the 13 known water channel membrane 

proteins (water only: AQP0/1/2/4/5/6/8; water/glycerol: AQP3/7/9/10/11(483)), was 

specifically upregulated in M2-like Ms at the RNA level, and M1-like Ms at the protein 

level.  

Dysregulation of AQP expression has been associated with the development of 

multiple pathophysiological conditions and these proteins have gained increase 

attention as a promising therapeutic target in recent years. Impaired cellular water 

permeability as a result of defects in water-restricted aquaporins have been associated 

with various cardiovascular diseases such as congestive heart failure and pulmonary 

oedema(483). However, the loss of function of aquaglyceroporins has been associated 

with the development of more complex metabolic and inflammatory disorders including 

obesity, diabetes, and cancer (483). Due to their strong association with inflammation 

and neoplastic transformation, these proteins were interesting candidates to study in 

this thesis. Since AQP9 was the only AQP included in the NanoString PanCancer 

IO360 nCounter® gene expression panel, the differential protein expression of 

additional AQPs in M subsets was also explored.  

It has been reported that  AQP1(484) and AQP3(485) are associated with M migration, 

whilst high AQP3 and AQP7 expression on myeloid cells has been related to both GM-

CSF and IL-4 stimulation(486). Interestingly, LPS has been shown to both upregulate 

and downregulate AQP7 gene expression in pancreatic cells(487) and immune cells(486), 

respectively. The regulation of AQPs by both M1- and M2-promoting factors may aid in 

explaining the contradictory mRNA and protein data, and the large variation in 

expression seen between donors. AQP1 is solely permeable to water and therefore, 

facilitation of M migration has been associated with rapid formation and retraction of 

filopodia and lamellipodia as a result of modulation of cell volume and shape. However, 

AQP3, like AQP7 and AQP9, is an aquaglyceroporin. As such, AQP3 facilitation of M 

migration has been associated with both changes in cell shape/volume, as well as 

energy metabolism(485). 

In addition to AQP9, this study observed the specific M2-like M over-expression of 

SLC2A1, a gene encoding the glucose transporter 1 (GLUT1) (Fig. 5.2; M2>M1/Media 

(34 genes)) (additional data given in Table 5.2 and Appendix 5.1). Overall, this 

indicates that aquaglyceroporins may possess a larger role in mediating M phenotype 

and function than water-restricted AQPs however, the exact mechanisms of which are 

currently unknown, but will be discussed later in this chapter. Instead, the total protein 

expression of aquaglyceroporins AQP3 and AQP7 were further explored and compared 
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to AQP9 levels (Fig. 5.9; representative gating strategy shown in Appendix 5.2). 

Previous AQP9 expression levels in M subsets were low, potentially owing to the use 

of a BV510-conjugated secondary antibody for AQP detection in the flow cytometry 

staining panel. To ensure the best detection of these proteins in later experiments, 

separate AQP-Alexa Fluor 488 antibody staining panels were used to detect each AQP 

in three parallel experiments per donor (one experiment per AQP-Alexa Fluor 488 

panel). Additionally, CD64 and CD206 marker staining of M subsets, established in an 

additional parallel experiment, was performed to confirm that the M controls had 

polarised correctly.  

In general, AQP3 was expressed at the highest level by Ms (MFI 18678.6-22159.2), 

followed by AQP9 (MFI 6622.0-10360.4); AQP7 expression levels in Ms were the 

lowest of all aquaglyceroporins (MFI 2415.2-6418.8) (Fig. 5.9). Upon using the new 

AQP-Alexa Fluor 488 antibody panel, all control M cultures consisted of a high 

percentage of AQP9hi (93.9-97.0%), AQP3hi (93.3-99.5%), and AQP7hi (93.6-98.9%) 

cells (Fig. 5.9). M2-like Ms exhibited higher levels of AQP3 expression than M1-like 

and ‘unpolarised’ Ms in 3/6 independent healthy donor experiments and therefore, 

differences between experimental arms were not significant (Fig. 5.9A). In contrast, 

M1-like Ms exhibited significantly higher levels of AQP7 and AQP9 expression than 

M2-like and ‘unpolarised’ Ms; M2-like Ms only exhibited higher AQP7/9 expression 

levels in 1/6 independent healthy donor experiments (Fig. 5.9B-C). These findings are 

in accordance with the AQP9 results shown in Fig. 5.7. Overall, these results indicate 

that AQP levels in M subsets may vary with donor, particularly with regards to AQP3. 
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Figure 5.9. Aquaglyceroporins are upregulated on M1-like Ms in vitro 

CD14+ PBMCs from three healthy donors were incubated with M1- and M2-polarising 

cytokines (48 h) to generate M1 and M2 M controls or without exogenous cytokines to 

generate media controls. The total protein (surface and intracellular) expression of A) AQP3, 

B) AQP7, and C) AQP9 in M controls was assessed by measuring the delta mean 

fluorescence intensity of each protein (MFI; MFI for antibody-labelled sample minus MFI in 

unstained control) and percentagehi cells expressing each protein, by flow cytometry. 

Statistical analyses were carried out by applying an ANOVA with Tukey’s post-hoc test. Data 

represent mean ± SEM, calculated from N=6 biological replicates, with statistically significant 

differences compared to all conditions marked as *p < 0.05; **p < 0.01; ***p < 0.001. Data 

given as a percentage of parent (live CD14+) gate and are pooled from six independent 

healthy donor experiments (N=6). Experiments done in collaboration with Dr Andreia de 

Almeida. 
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5.2.5 B2M as an M1-specifc marker in vitro and in clinical 
NSCLC samples 

Finally, the expression of the novel M1- and M2-specfiic genes, selected from the 

NanoString analysis, present in NSCLC patient tissue and blood samples was explored 

and compared against known markers FCGR1A (CD64) and MRC1 (CD206) (Fig. 

5.10). At the mRNA level, FCGR1A was more highly expressed in the blood of NSCLC 

patients than MRC1 (mRNA counts 246.7 and 16.3, respectively; Fig. 5.10). This is in 

keeping with previous protein results, shown in Chapter 4, which identified circulating 

Ms as preferentially exhibiting an M1-like phenotype. In contrast, FCGR1A and MRC1 

were both readily expressed in NSCLC tissue samples (mRNA counts 143.39 and 

264.6, respectively), confirming previous findings of the lung TME being composed of a 

mixture of both M1- and M2-like Ms, as well as intermediate subtypes (Fig. 5.10).  

B2M and TRIM21 appeared to best mirror the trends in FCGR1A expression observed 

in patient tissue and blood samples in 7/9 patients, based on heatmap analyses (Fig. 

5.10). In addition, raw mRNA counts of TRIM21 in patient blood samples were virtually 

the same as FCGR1A expressed in the same samples (8/9 patients) (Fig. 5.10B). B2M 

mRNA counts were substantially higher than both TRIM21 and FCGR1A, potentially 

since B2M is a core component of MHCI molecules, expressed by all cells(453), as 

discussed previously. Similarly, TNFRSF11A mRNA counts and, to a lesser extent, 

expression trends heavily mirrored the levels of MRC1 expressed in NSCLC patient 

blood (6/9 patients), but not tissue samples (Fig. 5.10B). In contrast AQP9 appeared to 

mirror the trends in MRC1 expression in patient tissue samples (7/9), based on 

heatmap analyses (Fig. 5.10A). However, neither of these markers perfectly matched 

MRC1 expression.
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Figure 5.10. B2M mimics M1-specific M trends in clinical NSCLC samples 

RNA was extracted from NSCLC tissue collected from the centre and margin of the samples received and from autologous patient peripheral blood, as 

described in the Materials and Methods. Quantification of transcripts of 770 onco-immune-related genes were performed using the NanoString PanCancer 

IO360 nCounter® gene expression panel with NanoString Technologies nSolverTM analysis software. Absolute mRNA counts for M1-specific genes (ICAM1, 

B2M, and TRIM21, compared to the known M1 marker, FCGR1A (CD64)) and M2-specific genes (TNFRSF11A, AQP9, and THBD, compared to the known M2 

marker, MRC1 (CD206)) in A) tissue samples and B) blood samples from NSCLC patients. Absolute mRNA counts were thresholded as present above the 

geometric mean of the endogenous negative controls (16.5) and normalised to endogenous positive controls and housekeeping genes. Heatmaps represent 

differences within individual patients (Pt: 2780; 4831; 4836; 4841; 4852; 4898; 4899; 4939; 5157) per gene, with green and red representing the lowest and 

highest raw mRNA counts, respectively ( ).Values represent one technical replicate (n=1) ran on the NanoString cartridge per patient, 

with data from nine patients shown (N=9). 
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Overall, these data indicate that B2M may be a useful marker for identifying M1-like 

Ms in vitro as well as in situ, in clinical NSCLC samples. Future regression analyses 

should be performed on a larger sample size to determine whether there is any 

relationship between TRIM21/B2M or TNFRSF11A/AQP9 and FCGR1A and MRC1, 

respectively in NSCLC patient blood and tissue. Additionally, spatial profiling of these 

genes in NSCLC tumour samples, using the Digital Spatial Profiling Technology 

available from NanoString Technologies, would enable the co-localisation and clinical 

relevance of these novel M1/M2 markers to be elucidated.  

5.3 Discussion  

This chapter focused on the identification and validation of novel M1- and M2-specific 

markers to better define M1/M2 M subsets, and to distinguish between classical and 

intermediate M phenotypes. Whilst no M2-specific marker was described, this study 

revealed B2M as a novel M1-like M marker, which could potentially be used in 

combination with CD206 to better distinguish MU-like myeloid cells from M2-like Ms 

based on CD206hiB2Mhi and CD206hiB2Mlo cell quadrant gating, respectively.  

NanoString nCounter® Technology eliminates primer amplification bias 
introduced by RT-qPCR 

In this study, NanoString nCounter® Technology and RT-qPCR platforms were used to 

identify and validate novel M1- and M2-specific genes, respectively. Similarities in the 

sensitivity and accuracy of these technologies have previously been reported(284, 488). 

However, NanoString Technologies multiplex platform enables the concurrent analysis 

of hundreds of genes from poorer quality samples since this technology was primarily 

developed to enable transcriptomic analysis of FFPE material(489). Unlike RT-qPCR, 

NanoString systems do not require the RTn of mRNA to cDNA, or the pre-amplification 

of cDNA, prior to analysis, but can directly quantify levels of mRNA transcripts present 

in samples containing low amounts of genetic material(284, 489). As such, NanoString 

Technologies eliminates the amplification bias introduced by differential primer 

sequence-dependent efficiencies in RT-qPCR(284). Differences in cDNA amplification 

efficiency may, in part, explain the larger fold change differences in candidate genes 

observed by RT-qPCR, compared to NanoString Technologies, in this study. 

Although employing different methodologies for molecular quantification, both 

transcriptomic platforms measure fluorescence outputs. In brief, RT-qPCR uses cycle 

thresholds of detection, where total DNA amplified is equivalent to TaqMan probe 

fluorescence(284). In contrast, NanoString Technologies quantify discrete mRNA 

transcript counts through microscopic detection of multi-coloured fluorescent 
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probes(284). Similarly to previous findings, the results of this chapter demonstrate a 

strong positive correlation in fold change results observed for each gene candidate 

between the two technologies(488). 

The association between M2-like Ms and osteoclast differentiation  

Using the NanoString Technologies platform, this study identified 74 M1-specific and 

34 M2-specific genes. This is in keeping with previous findings, where significantly 

more genes were differentially expressed by M1- than M2-like Ms, compared to the 

untreated control(293, 394). Additionally, untreated cells appeared more M2c-like at the 

RNA level(293, 394). These data strengthen the findings of Chapters 3 and 4, where 

‘unpolarised’ media control Ms appeared more M2- than M1-like based on CD206 and 

CD163 expression, indicating that unstimulated Ms naturally skew into an more M2c-

like M state in culture(404).   

IDO1 and CCL13 were the most highly upregulated M1- and M2-specific genes, 

respectively, in this study. IDO1, an enzyme involved in tryptophan catabolism, has 

been reported to modulate innate and adaptive immune responses through enzyme-

dependent and -independent mechanisms(490, 491). IDO1 gene expression is commonly 

regulated by STAT1(397), an additional M1-specific gene observed in this study, which is 

activated by IFN and IFN. In contrast, CCL13, a chemokine also known as MCP-4, is 

involved in the recruitment of myeloid cell lineages and is known to induce immune-

modulatory responses(492). However, its role in M function and chemoattraction has 

not been fully elucidated(411). Tang et al.(397) previously identified IDO1 as the top gene 

differentially expressed by M1 like Ms, showing a 122-fold increase expression 

compared to M2-like Ms. In contrast, IL17RB was the most highly upregulated M2-

related gene, with CCL13 appearing in the top five genes over-expressed by M2- vs. 

M1-like Ms. However, since gene expression was not compared to an unstimulated 

(media) M control, the specificity of IL17RB as an M2-specific gene, and not a 

polarisation-induced gene, cannot be determined, potentially explaining the conflicting 

results observed in this chapter. 

Interestingly, whilst the majority of M1-specific genes identified in this study were IFN- 

or LPS-regulated(395-397, 399, 401, 403-405, 408, 416, 421-424, 435, 438, 440, 441, 451), only three M2-

specific genes had been associated with increased expression following IL-4 or IL-13 

stimulation: MS4A4A(482), CHD1(479), and CRABP2(419). Instead, a portion of M2-specific 

genes were related to the nutrient transport (discussed later) and osteoclastogenesis. 

In particular, TNFRSF11A (RANK) and NFACT2 were identified as M2-specific genes 

in this study and are both associated with the positive regulation of osteoclast 
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formation. In brief, Ms are capable of differentiating into osteoclasts following 

stimulation with M-CSF and RANK ligand (RANKL)(493). Specifically, M-CSF and 

RANKL engage CSF-1R and RANK, respectively on osteoclast precursors, including 

M2-like Ms, inducing a network of downstream signalling pathways leading to NFATc2 

(nuclear factor of activated T cells, cytoplasmic 2) recruitment to NFATc1 (cytoplasmic 

1), the master regulator of osteoclastogenesis(493) (Fig. 5.11). However, previous 

studies have reported IL-10 to inhibit osteoclast differentiation through the dominant 

downregulation of both NFATc1(494) and RANKL(495) (Fig. 5.11). Additionally, IL-4 has 

been shown to inhibit osteoclastogenesis through inhibition of downstream NFB 

signalling(496) (Fig. 5.11). The downregulation of each of these components results in 

the direction inhibition of osteoclastogenesis pathways (osteoclast differentiation and 

proliferation). However, these factors have not been associated with the 

downregulation of RANK or NFATc2 expression, and NFATc2 can be expressed in 

osteoclast precursors in the absence of RANKL stimulation(497). Additionally, the M2-

like M controls generated in this thesis were additionally supplemented with IL-13; the 

resultant effect of this cytokine on dominant osteoclastogenesis promotion or 

suppression has not yet been described.  
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Figure 5.11. Proposed mechanism of RANK/NFATc2 over-expression in M2-like Ms 

M-CSF and RANKL engage the CSF-1R and RANK, respectively on M2-like Ms (and other 

osteoclast precursors). These ligand-receptor interactions triggers RANK-mediated TRAF6 

recruitment which, in turn, activates NFB and c-Fos. c-Fos dimerises with c-Jun, forming the 

AP-1 complex. NFATc2 binds free NFB and the complex is recruited, alongside AP-1, to 

NFATc1, the master regulator of osteoclasogenesis. Simultaneous auto-amplification of 

NFATc1 occurs via an independent calcium-mediated pathway. Finally, NFATc1, AP-1, PU.1, 

and MITF form a complex which induces the transcription of various genes involved in 

osteoclast differentiation and proliferation (osteoclastogenesis). IL-4 and IL-10, cytokines 

added to and produced by M2 cultures, have been shown to downregulate (-) NFB and 

RANKL/ NFATc1 expression, respectively in osteoclast precursors (including Ms), resulting 

in inhibition of osteoclastogenesis. However, NFATc2 is still readily expressed in these cells 

in the absence of RANKL stimulation. Additionally, the autocrine production of M-CSF 

production from M2-like Ms can induce M-CSF-CSF-1R signalling and upregulate (+) RANK 

expression in these cells, even in the presence of IL-4 and IL-10. Therefore, the over-

expression of NFATc2 and RANK in M2-like Ms is likely a result of these cells acting as 

osteoclast precursors that produce M-CSF in a self-perpetuating manner, rather than an 

indicator of osteoclastogenesis due to the addition of pathway inhibitors (IL-4/10) to in vitro 

M2-like M cultures. Original figure created using Servier Medical Art templates (licensed 

under a Creative Commons Attribution 3.0 Unported License); https://smart.servier.com. 

Osteoclastogenesis signalling pathway adapted from multiple sources(498, 499). AP-1, activator 

protein 1; CSF-1R, colony stimulating factor-1 receptor; M-CSF, macrophage colony-

stimulating factor; MITF, microphthalmia-associated transcription factor; NFATc(1/2), nuclear 

factor of activated T cells, cytoplasmic (1/2); NFB, nuclear factor kappa-light-chain-enhancer 

of activated B cells; RANK(L), receptor activator of nuclear factor kappa B (ligand); TRAF6, 

TNF-related activation induced cytokine; TRAP, Triiodothyronine receptor auxiliary protein. 

 

https://smart.servier.com/
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Overall, M-CSF is crucial for osteoclast precursor cell proliferation and survival and has 

been observed to upregulate RANK expression following M-CSF-CSF-1R engagement, 

representing a dominant mechanism for inducing RANK expression on osteoclast 

precursors e.g. Ms, and driving osteoclastogenesis(500, 501) (Fig. 5.11). The self-

perpetuating production of M-CSF by M2-like cells(92) may, in part, explain the 

upregulation of RANK, and downstream molecules of the osteoclastogenesis signalling 

pathway (NFATc2), observed in M2-like Ms in this study, even in the presence of IL-4 

and IL-10 (proposed mechanism shown in Fig. 5.11). Therefore, it is unlikely that 

osteoclastogenesis was occurring in the M2-like M cultures used in this study (due to 

IL-4- and IL-10-mediated pathway inhibition), but that the over-expression of NFATc2 

and RANK in M2-like cells was a result of these cells being osteoclast precursors that 

produce M-CSF in a self-perpetuating manner. 

M metabolism: the role of Aquaglyceroporins, glucose transport, and 
hypoxia 

Aquaglyceroporin gene expression may be underpinned by cellular exposure to 
chemical stimuli 

This study found aquaglyceroporins to be differentially expressed on M subsets. 

Interestingly, AQP3, AQP7, and AQP9 were expressed in unstimulated Ms. Upon 

stimulation with M1- and M2-polarising cytokines, levels of AQP protein expression 

increased and decreased, respectively. These data indicate that AQPs may serve a 

role in baseline M function.  

Previously, AQP9 was observed to be increased at the mRNA level following myeloid 

cell stimulation with IL-4, indicating AQP9 as a specific M2a-like M marker(473). 

Moreover, AQP9 expression was compared to rested, unstimulated control Ms, but 

not M1-polarised Ms(473). Moreover, these ‘IL-4-specific’ findings were further based 

on comparisons with Ms exhibiting an intermediate M1/M2 phenotype treated with 

counteracting M1- and M2-polarising cytokines (IFN/TNF and IL-10/M-CSF, 

respectively), and not to M2 controls treated independently with IL-10(473). Therefore, 

the specificity of AQP9 as an M2-related gene could not be confidently concluded and 

its differential expression in M1/M2 M subsets had not been explored. The results 

described in this chapter are the first to report AQP9 as an M2-specific marker at the 

mRNA level. However, the protein expression results did not support these 

transcriptomic findings. The regulation of AQP9 expression by additional M2a-

polarising cytokines, such as IL-13, or M2c-polarising cytokines, including IL-10 or 

TGF, has yet to be fully elucidated, but should be explored in future studies.  
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Additionally, AQP1 and AQP3 expression on keratinocytes has been reported to be 

highly regulated by a variety of factors including both Th1- and Th2 cytokines (GM-

CSF/LPS/TNF and IL-4/peroxisome proliferator-activated receptor gamma (PPAR), 

respectively), calcium, and low pH levels(486, 487, 502, 503). IL-4 induction of AQP3 and 

AQP7 gene expression on myeloid cells has been observed previously(486), similar to 

that of AQP9 discussed above. However, limited studies to date have explored AQP 

expression in response to these chemical stimuli at the protein level. The findings of 

this chapter demonstrate the importance of considering both gene and protein 

expression when studying the biological relevance of M markers. Whilst M1-like Ms 

expressed significantly higher levels of AQP9 (and AQP7) than M2-like Ms at the 

protein level, the opposite was true at the mRNA level, potentially as a result of the 

establishment of a negative feedback loop downregulating gene expression of AQP 

when protein levels are high in M1-like cells. Additionally, whilst IL-4 stimulation of M2 

control cultures may be driving an upregulation of AQP9 gene expression in these 

cells, this chemical stimulus may not be sufficient to drive an upregulation or 

stabilisation of AQP9 at the protein level. Instead, it is likely AQP7/9, and in part AQP3, 

protein expression is upregulated in M1-like M subsets to support their biological 

function.  

Finally, future studies should determine the localisation of these proteins within each 

M subset, since AQPs are trafficked from vesicular membranes to the plasma 

membrane in response to stress, and a variety of other stimuli, where they become 

functional channels(504, 505). Ultimately, the presence of localised, functional protein is 

more informative than a simple mRNA vs. total protein comparison.  

The link between aquaglyceroporins, GLUT-1, and hypoxia 

Studies have reported a dominant link between AQP expression and hypoxia. 

Specifically, decreased expression of water channel AQP1, and maintained AQP3 

expression, was observed in the hippocampus of mice exposed to intermittent hypoxia 

(35 days) in a model of severe obstructive sleep apnoea(506). Additionally, AQP3, 

AQP5, and AQP8 expression increased exponentially during early-phase hypoxia (6 h) 

following ischemic injury of murine neurons; inhibition of AQP3 was observed to rescue 

early-phase hypoxia(507). In contrast, decreased AQP3 levels were observed during 

ischemia in gastric cancer(508). Preliminary data from our lab indicate that AQP3 is 

upregulated in response to acute hypoxia in a panel of prostate cancer cell lines, while 

chronic exposure to hypoxia lowers AQP3 expression levels below that seen in 

normoxia. Together, these data indicate that the length of exposure to hypoxia heavily 

influence AQP3 expression patterns observed in different cell types and pathologies.  
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Interestingly, GLUT1 has been reported as a hypoxia-responsive gene, in particular, a 

hypoxia-inducible factor 1 (HIF-1) target gene, with enhanced rate of GLUT1 

transcription being observed following both acute (4 h)(509, 510) and prolonged (8-24 

h)(511) exposure to hypoxia. In addition, HIF1A was observed to positively regulate 

AQP3 expression in murine tissues exposed to low oxygen (1% O2) environments, with 

expression peaking at 24 h post-hypoxia. Following acute exposure to hypoxia, 

oxidative phosphorylation within cells is inhibited, resulting in increased translocation 

and activation of glucose transporters, including Glut1 and Glut4, to the plasma 

membrane(510). However, chronic exposure to hypoxia results in total cellular 

upregulation of Glut1 protein, independent of oxidative phosphorylation, through HIF-1-

induced GLUT1 transcription(510). Remarkably, shRNA-mediated knockdown of HIF-1 

prevented both GLUT1 and AQP3 induction under hypoxic conditions, indicating a HIF-

related correlation between these two genes(509). This thesis revealed GLUT1 and 

AQP9 as M2-specific genes however, no relationship between these gene have 

previously been reported.  

Although HIF1A mRNA counts were higher for M2 compared to M1 and media control 

M (data not shown) in this study, further analyses were not performed since 

differences were <2-fold. However, CRABP2, a molecule involved in intracellular 

retinoic transport, has previously been reported to be more readily upregulated on M2-

like Ms under hypoxic (3% O2), compared to normoxic (18% O2), conditions(419). 

Interestingly, retinoic acid has been shown to upregulate AQP3(512), glucose 

transporters(513, 514), and HIF-1(515) in a variety of cell types, and to promote M1- to M2-

like M polarisation(516, 517). Future research should explore the hypoxia-induced co-

expression of GLUT1 and AQP9, and determine the role of these glucose/glycerol and 

retinoid acid transporters in the functioning of M2-like Ms. However, since all of the 

above findings are underpinned by gene expression changes, it would be of paramount 

importance to future validate the dominant express of these targets in M subsets at 

the protein level, especially since enhanced GLUT1 and HIF-1 expression is strongly 

associated with the metabolic functioning of M1-like Ms in the literature(518). 

The proposed role of aquaglyceroporins in supporting the metabolic state of M 
subsets  

It is well established that alterations in cell metabolism accompany changes in M 

phenotype and function(518-520). Specifically, M1-like Ms have been shown to 

dominantly rely on glycolysis, whilst M2-like Ms are dependent on oxidative 

phosphorylation(518-520). Glycolysis is often upregulated in response to hypoxic cellular 

microenvironments following the HIF-1-induced upregulation of Glut1, which facilitates 
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rapid glucose uptake and incorporation into glycolysis(518-520). However, M1-like Ms 

additionally possess a broken tricarboxylic acid cycle (TCA) cycle, resulting in the 

excess production of succinate from the TCA breakpoint at succinate 

dehydrogenase(518-520). The production of succinate results in the stabilisation of HIF-1 

in M1-like Ms, even under normoxic conditions, resulting in the transcription of 

glycolytic genes such as GLUT-1, and sustained glycolysis within these cells(518-520). On 

the other hand, M2-like Ms possess an intact TCA cycle, which provide substrates for 

successful oxidative phosphorylation(518-520).  

Moreover, glycerol can be incorporated directly into glycolysis or the glyceraldehyde-3 

phosphate (G3P) shuttle to produce energy for oxidative phosphorylation(483, 521). The 

role of AQPs in mediating cellular glycerol transport for use in glycolysis and oxidative 

phosphorylation in M1- and M2-like Ms, has not yet been fully elucidated. Here, I 

propose a hypothetical role of AQP7/9 in supporting the metabolic status of M 

subsets, in vitro (Fig. 5.12). Interestingly, as well as glycolysis, studies have shown that 

M1-like Ms dominantly metabolise free fatty acids and glycerol to produce lipids (i.e. 

triacylglycerol) via lipogenesis; a process which has been shown important for cellular 

function(518-520) (Fig. 5.12). M1-like cells use these triacylglycerol molecules as 

precursors for the synthesis of inflammatory mediators. As such, it is possible that M1-

like Ms require high levels of AQP(7/9) channels to enable the rapid and continuous 

influx of glycerol into the cells, for incorporation into both glycolytic and lipid synthesis 

pathways (Fig. 5.12). In contrast, M2-like Ms display upregulated fatty acid oxidation 

of free fatty acids into acetyl Co-A molecules, which are later fed into the TCA cycle; 

the products of which are required for successful oxidative phosphorylation in these 

cells(518-520) (Fig. 5.12). It is likely when free fatty acids are not available in the tissue 

microenvironment, M2-like Ms breakdown their existing lipid molecules to release free 

fatty acids to fuel their metabolic processes. The additional glycerol biproduct may then 

be recycled to the G3P shuttle, to further fuel oxidative phosphorylation and support the 

metabolic functioning of these cells(483, 521) (Fig. 5.12). As such, AQP channels may be 

downregulated in these cells to limit lipogenesis, and increase lipolysis, since these two 

pathways cannot exist simultaneously. Moreover, since intracellular glycerol produced 

from lipolysis may be recycled into the G3P shuttle to additionally support metabolic 

processes, AQP channels are also not required to efflux excess glycerol out of these 

cells.  

However, since the above suggestions of AQP(7/9) channels aiding in the metabolic 

processes of different M subsets is only hypothetical, further functional studies 

measuring intra- and extra-cellular glycerol concentrations, and associated transport, in 
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each of these M cultures need to be performed in the future, in order to confirm our 

hypothesis. 

 

 

Figure 5.12. Proposed role of AQPs in supporting M metabolism  

Alterations in cell metabolism accompany changes in M phenotype and function. For 

example, M1-like Ms dominantly rely on glycolysis and lipogenesis (lipid synthesis), whilst 

M2-like Ms are dependent on oxidative phosphorylation (ox phosph) via fatty acid oxidation, 

to obtain energy and molecules for cellular functions. In M1-like cells, glycerol can be 

incorporated directly into the glycolytic pathway or can be used in combination with free fatty 

acids (FFAs) to form triacylglycerol (TAG) via lipogenesis. M1-like cells use these 

triacylglycerol molecules as precursors for the synthesis of inflammatory mediators. The 

FFAs for the lipolysis process are either transported from the extracellular or are intracellular 

products of the tricarboxylic acid (TCA) cycle. Therefore, M1-like Ms may require high levels 

of glycerol transport channels (aquaglyceroporins) to enable the rapid and continuous influx 

of glycerol into the cells, for incorporation into both glycolytic and lipid synthesis pathways. In 

contrast, M2-like Ms display upregulated fatty acid oxidation of FFAs into acetyl Co-A 

molecules, which are later fed into the TCA cycle and ox phosph pathway. In M2-like cells, 

FFAs are obtained from the extracellular space or are intracellular products of lipolysis (the 

breakdown of TAG into FFAs and glycerol). Following lipolysis, the glycerol biproducts may 

then be recycled to the glyceraldehyde-3 phosphate (G3P) shuttle to provide M2-like Ms 

with co-enzymes (FADH2) for ox phosph and therefore, aquaglyceroporins are not required to 

efflux any excess intracellular glycerol. AQPs may further be downregulated in these cells to 

limit lipogenesis, and increase lipolysis, since these two pathways cannot exist 

simultaneously. Original figure, with metabolic pathways adapted from multiple sources(483, 

518-521). Figure and hypothesis made in collaboration with Dr Andreia de Almeida. 
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Validation of novel transcriptomic targets in pre-clinical models  

In contrast to RT-qPCR, NanoString Technologies platforms can accurately quantify 

mRNA levels in samples run in technical singlet. Specifically, correlation analyses from 

Geiss et al.(284) indicated that technical replicates are highly reproducible (R2=0.99) and 

are subsequently, not required. Of importance to consider is that NanoString nCounter 

Technologies allows a maximum of twelve samples to be run per cartridge. Therefore, 

in order to limit experimental costs, and to conserve space on the NanoString cartridge 

for clinical specimens, this study performed NanoString analysis of pooled RNA 

samples from three independent donor experiments. This chapter demonstrates that 

the expression of gene candidates present in the pooled RNA samples largely 

represent those expressed by individual M donors. However, for some targets, gene 

expression was largely variable between the three donors, limiting the significance of 

findings. As such, in order to study more statistically-relevant M1- and M2-specific 

genes, NanoString analysis should be performed on biological donor replicates or 

pooled samples incorporating additional independent M donors, in the future.  

Since the majority of the selected M1- and M2-specific targets could not be validated at 

the protein level, future studies should look to validate a larger number of candidate 

genes, or perform global proteomic screens on M subsets. Huang et al.(404) revealed 

M1 and M2 polarisation to be regulated by IRF-1-related and activator protein 1 (AP-1)-

related genes, respectively, compared to an unpolarised (M0) control. IFN-induced 

IRF-1 proteins: IFIT1, IFIT2, and IFIT3 were found to be upregulated in M1-polarised 

THP-1 cells. Additionally, IFIT1/IFIT2/IFIT3 mRNA expression was highly upregulated 

in human monocyte-derived M1-like Ms, as reported previously(395, 401), and in this 

chapter.  

Conclusion  

In summary, this chapter identified novel M1- and M2-specific genes using the 

NanoString PanCancer IO360 gene expression panel. TRIM21/B2M/ICAM1 and 

THBD/AQP9/TNFRSF11A were identified as promising M1- and M2-like M gene hits, 

respectively. Importantly, RT-qPCR interrogation of RNA targets largely supported 

transcriptomics findings of the NanoString nCounter® system. Overall, this study was 

the first to validate targets at the protein level, including unpolarised M controls as a 

comparison; CD54 and B2M, when expressed at high levels, were identified as novel 

M1-specific M markers. In addition, simultaneous two-marker analyses of CD206/B2M 

expression using a quadrant gating approach could reliably distinguish between M1-

like, M2-like, and ‘unpolarised Ms in in vitro culture, unlike CD206/CD64. Future 

avenues of research should explore the capability of B2M to distinguish between 
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additional transitional M subsets, and assess the TCM phenotype, using two-maker 

combinational analysis with CD206. Additionally, the contribution of subset-specific 

markers to pro- or anti-inflammatory M function should be ascertained in future 

projects, through the use of protein inhibitors.  
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5.4 Appendix  

 

M1>M2 (126 genes)   M2>M1 (77 genes)   M1>Media (134 genes)   M2>Media (77 genes) 

Gene name  ≥2-fold change   Gene name  ≥2-fold change   Gene name  ≥2-fold change   Gene name  ≥2-fold change 

IDO1 1040.026   CCL13 113.0701   IDO1 1467.654   CCL13 191.039 

CXCL9 513.0712   MRC1 94.10507   CXCL9 486.5107   CCL18 42.64579 

CXCL10 454.2164   MS4A6A 41.00544   CXCL10 405.3672   HSD11B1 26.52054 

SLAMF7 98.74468   FCGR2B 39.77435   GBP1 139.0556   CD209 26.25569 

GBP1 95.29628   CCL18 33.13053   CCL8 106.5754   CCL22 14.64293 

IFI27 94.0558   CD209 28.03509   RSAD2 94.78136   WNT5A 13.79327 

S100A8 89.56757   MS4A4A 20.27486   IFI27 94.01449   CD274 13.40181 

RSAD2 81.66311   CCL22 19.65627   GBP4 54.9385   IL1R2 13.24343 

FCGR1A 76.02666   CD1C 14.08814   CD274 50.42664   CD1C 11.04732 

GBP4 74.74656   THBS1 13.63014   HSD11B1 47.38182   MRC1 10.56672 

Appendix 5.1. Genes upregulated ≥2-fold in the four experimental groups: M1>M2, M2>M1, M1>Media, and M2>Media 

CD14+ PBMCs from three healthy donors were incubated with M1- and M2-polarising cytokines (48 h) to generate M1 and M2 M controls. Myeloid cells were 

cultured without exogenous cytokines to generate media controls. RNA from each M subset was extracted using the TRIzolTM method, quantified using a 

NanoDropTM 2000 Spectrophotometer, and quality controlled using a 2100 BioanalyserTM Instrument (as described in Materials and Methods). RNA from all 

three donors was pooled for each M control (M1/M2/media), and one pooled sample per control was ran on the NanoString cartridge. The cartridge was read 

using a NanoString Technologies nCounter® SPRINTTM Profiler. Quantification of transcripts of 770 onco-immune-related genes in M1, M2, and media control 

Ms was performed using the NanoString PanCancer IO360 nCounter® gene expression panel with NanoString Technologies nSolverTM analysis software. 

Linear ratios were manually calculated in Microsoft Excel from the normalised NanoString raw count values to show expression changes for four experimental 

groups: M1>M2, M2>M1, M1>Media, and M2>Media. Linear fold changes were manually calculated from linear ratios using the equation: Fold change = Linear 

ratio (if linear ratio >1, ‘over-expression’). Genes which were upregulated ≥2-fold in each of the four groups, alongside fold change values, are shown. Cells are 

colour coded based on gene overlap between the four groups and represent the nine different sub-groups, shown in Fig. 5.2. No statistical analyses were 

performed on this dataset since experimental arms were ran in singlet (n=1; N=1). 
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CCL2 36.59482   TREM2 12.66918   IFIT3 35.74014   TNFRSF11A 10.20015 

IL32 35.31974   PPARG 9.635603   IL32 31.31476   SOCS1 10.07845 

IFITM1 27.32314   WNT5A 9.526977   IFITM1 25.31042   MS4A6A 9.606943 

IFIT3 24.82377   TNFRSF11A 7.093668   ARNT2 22.68552   IL1RN 8.27385 

CD38 23.81488   HLA-DRB5 6.977282   CD38 21.82029   FLT1 8.264861 

ARNT2 22.42876   ITGAE 6.481799   STAT1 19.86723   PDCD1LG2 6.732026 

CCL8 17.30582   IL1R2 6.096722   TAP1 16.88596   JAG1 6.542241 

TAP1 17.07577   NFATC2 5.59236   CCL2 16.43614   CCL8 6.158358 

IRF1 15.92639   MFNG 5.430698   SOCS1 15.90774   BATF3 5.425685 

TNFAIP6 15.0616   MARCO 5.142658   FCGR1A 15.87359   CD276 5.050909 

STAT1 14.41875   MYC 5.078071   CD80 15.41863   CDKN1A 4.957576 

TNFSF10 13.71037   CLEC7A 5.070435   IFIT2 14.76856   C1QB 4.685021 

CCL7 13.60358   SPP1 4.999119   PSMB9 13.81586   PRKCA 4.318284 

CXCL8 12.67696   RASAL1 4.4847   CD40 12.6202   WNT5B 4.264646 

PSMB9 11.94705   WNT5B 4.293559   MX1 12.3265   HLA-DQA1 4.046905 

MX1 11.78793   CDK6 4.190054   SLAMF7 12.0202   C2 3.998019 

S100A9 11.48196   PC 4.050233   CCL7 11.78519   FCGR2B 3.747198 

IFIT2 11.14248   AQP9 3.879209   IRF1 11.07347   CD80 3.553872 

CXCL11 9.464714   CD163 3.638342   CXCL11 10.69676   ITGAM 3.492596 

GBP2 8.795362   A2M 3.525649   GBP2 9.846364   DNMT1 3.342802 

CYBB 8.208249   CSF1R 3.413204   IFI6 9.677977   CRABP2 3.276147 

GIMAP4 7.60181   CCL4 3.401247   TNFSF10 9.358955   C1QA 3.24127 

LYZ 7.418696   DEPTOR 3.269163   ISG15 9.254494   MYC 3.16695 

ISG15 7.332542   SAMSN1 3.253575   PDCD1LG2 9.227421   OASL 3.141414 

IL1B 7.053191   FLT1 3.170901   JAG1 8.720845   HLA-DRB5 3.075451 

ENTPD1 6.881422   OLFML2B 3.131834   OAS3 8.70303   TBC1D10B 3.052671 

IFI6 6.813333   TBXAS1 3.130808   OAS2 8.135697   TRAF1 3.026375 
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FCN1 6.311863   CDKN1C 3.00279   LILRA3 8.122418   CD40 3.021985 

CLEC5A 6.267781   H2AFX 2.972423   TNFAIP6 7.710766   CCL14 2.978179 

ITGAL 6.089259   CRABP2 2.951864   OASL 6.722944   THBD 2.8557 

CD48 5.941167   CD4 2.919745   CDKN1A 6.281558   AQP9 2.81105 

IL15 5.651814   DNMT1 2.917451   IRF7 6.21431   HLA-DQB1 2.732655 

CASP1 5.638646   TRAF1 2.912773   IFI35 6.195931   LILRA3 2.729986 

APOL6 5.255127   PIK3R5 2.888812   TAP2 6.192682   IL6 2.712843 

HK2 5.221974   EGR1 2.84589   INHBA 6.033189   HLA-DRB1 2.701449 

MMP9 5.16022   TGFB2 2.817627   PARP9 6.007431   HLA-DPA1 2.68909 

ADGRE1 4.883785   LCK 2.750508   IL1RN 5.832211   NECTIN2 2.657516 

TLR8 4.842329   TBC1D10B 2.750508   APOL6 5.823452   NFATC2 2.632915 

RASGRF1 4.829255   TGFBR2 2.689915   IFIH1 5.676589   CCL4 2.60688 

TAP2 4.793892   CCL14 2.68339   C2 5.631016   CD19 2.569986 

IFIH1 4.613607   THBD 2.68339   IL1B 5.580808   G6PD 2.489452 

FCAR 4.48358   ITGAV 2.672966   FOSL1 5.068182   FANCA 2.427128 

OAS1 4.388968   SLC16A1 2.51521   JAK3 4.995556   CTSW 2.410576 

OAS2 4.384483   BRD3 2.468441   PSMB8 4.978581   SLC2A1 2.382242 

CD80 4.338544   POLD1 2.460364   LAMB3 4.675505   VCAM1 2.382242 

IFI35 4.327046   HLA-DQB1 2.449414   CSF2RB 4.611734   HLA-DRA 2.375998 

CSF2RB 4.318347   ITGAM 2.391629   ADGRE1 4.474747   MMRN2 2.3557 

CD40 4.176131   DAB2 2.334021   CCND2 4.44733   ITGA1 2.331987 

OAS3 4.121748   CD36 2.322348   IL15 4.285615   CDH1 2.30775 

PSMB8 3.995869   CD86 2.276587   C1QB 4.042998   CXorf36 2.284271 

CCND1 3.976698   OLR1 2.262658   PSMB10 4.023581   SAMSN1 2.254974 

PSMB10 3.949775   CLECL1 2.229072   JAK2 3.982587   LAMB3 2.248737 

IRF7 3.926706   MMRN2 2.213559   TYMP 3.919645   VEGFC 2.234011 

SGK1 3.913472   FCGRT 2.210777   PARP12 3.882991   WNT11 2.234011 
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CMKLR1 3.787121   HLA-DRB1 2.181816   IFIT1 3.855383   MS4A4A 2.216561 

CD274 3.762675   PIK3R1 2.173394   CCND1 3.770833   IRF4 2.213083 

TYMP 3.75152   PRKACB 2.172485   NECTIN2 3.690909   JAK3 2.19899 

TNF 3.678126   CXorf36 2.146441   RASGRF1 3.668283   CD86 2.178413 

STAT2 3.66892   SLC2A1 2.146441   ICAM1 3.646478   HES1 2.159518 

HLA-A 3.59994   CD276 2.107028   OAS1 3.643332   ICAM5 2.159518 

IL18 3.468394   CDH1 2.079322   VCAM1 3.41535   CCND2 2.141703 

MB21D1 3.448635   ZAP70 2.079322   TNF 3.391153   OAS3 2.11149 

PARP9 3.434517   TNFRSF10D 2.050618   DUSP5 3.307146   CTLA4 2.085026 

MAGEB2 3.428456   KLRD1 2.019362   MB21D1 3.289623   TNFRSF4 2.085026 

TNFAIP3 3.36773   MS4A2 2.012881   DTX3L 3.280624   CLEC7A 2.084449 

NLRC5 3.331851   PDGFA 2.012881   C1QA 3.232107   HLA-DPB1 2.083246 

GIMAP6 3.331649   WNT11 2.012881   PRKCA 3.145974   GZMB 2.010534 

DTX3L 3.254044         HLA-DQA1 3.042945       

JAK2 3.231384       IL6 3.016595     

INHBA 3.129491       CASP1 2.997938     

B2M 3.044801       GIMAP4 2.917318     

TMEM140 3.002721       LAG3 2.910279     

ITGB8 3.000306       SFRP4 2.876599     

LILRB4 2.978639       SIGLEC1 2.823636     

LILRA3 2.97526       IRF9 2.788714     

S100A12 2.922872       NLRC5 2.775421     

HLA-F 2.813393       BATF3 2.758297     

TRIM21 2.792513       HLA-DQA2 2.715152     

PARP12 2.736452       STAT2 2.694506     

TLR7 2.716993       LILRB4 2.658275     

RIPK2 2.682782       IL2RG 2.64459     
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BCAT1 2.665895       FLT1 2.606471     

IFIT1 2.635843       FPR1 2.564644     

FOSL1 2.600415       GIMAP6 2.561772     

HLA-DQA2 2.587103       FAS 2.552448     

PTGER4 2.548849       CD47 2.511624     

IL2RG 2.534368       HLA-F 2.506753     

CEBPB 2.531327       HLA-A 2.500466     

NOD2 2.50393       CMKLR1 2.482778     

TLR1 2.488367       BAX 2.47208     

NBN 2.488237       HLA-E 2.466737     

ICAM1 2.340508       PDGFB 2.463805     

GLUL 2.339766       BRCA2 2.445109     

TLR2 2.325206       STAT4 2.413407     

RNLS 2.309315       TNFAIP3 2.398232     

JAK3 2.27175       CD276 2.397172     

IGF2R 2.251459       EIF2AK2 2.37846     

HLA-E 2.219134       S100A8 2.361475     

HLA-B 2.186275       DDB2 2.338183     

SNCA 2.15554       GZMK 2.337096     

BAX 2.150563       ATF3 2.269927     

IL1A 2.147137       NKG7 2.259556     

TCL1A 2.147137       RELB 2.250521     

LILRA5 2.146194       CDH11 2.246802     

OASL 2.140101       IL12RB2 2.246802     

SIGLEC1 2.108145       CCL3/L1 2.233328     

BBC3 2.083899       GOT1 2.218063     

LAMB3 2.079169       B2M 2.176538     
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CCND2 2.07654       IL1R2 2.172222     

CCL20 2.067909       IL1A 2.171717     

LILRB2 2.067627       IL21R 2.171717     

TLR3 2.056512       TRIM21 2.168714     

HMGA1 2.050052       STC1 2.157261     

TNFSF12 2.043972       PPARGC1B 2.136446     

NFKB1 2.028887       CSF1 2.123636     

ADM 2.011888       SERPINA1 2.116515     

         PVRIG 2.111742     

       SBNO2 2.108757     

       HLA-DOA 2.068608     

       TIGIT 2.06772     

       NBN 2.057032     

       CEACAM3 2.035985     

       SLC1A5 2.029492     

       CCL5 2.011096     
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Appendix 5.2. Representative gating strategy for the novel marker protein validation experiments  

A) Percentage of marker expression gating for M1, M2, and unstimulated media controls (left to right) for (i) CD54 high, (ii) B2M high, (iii) TRIM21 high, (iv) 

RANK high, (v) AQP9 high, and (vi) CD141 high myeloid cells, using a single antibody staining panel. Single marker expression results given as a 

percentage of parent (live CD14+ inclusion) gate. B) Percentage of marker expression gating for M1, M2, and unstimulated media controls (left to right) for 

(i) AQP3 high, (ii) AQP7 high, (iii) AQP9 high myeloid cells, based on antibody staining of three parallel experiments (one experiment per AQP-Alexa Fluor 

488 antibody panel). Marker expression representative of total protein (surface and intracellular) analysis. Unstained cells were used as a negative gating 

control for all markers.  
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6 Modelling patient response to 
immunotherapeutic drugs and immune-modifying 
agents  

6.1 Introduction 

This chapter focuses on the development of a patient-derived explant model to study 

cellular responses to PDL-1 therapy and IMAs, in the lung TME. This model exhibited  

localised tumour-mediated immunosuppression, ex vivo, in previous chapters. Using 

the explant model, this chapter examines the contribution of tumour cell-extrinsic 

mechanisms, including immunosuppressive myeloid cells and inhibitory immune-

checkpoint signalling within the TME, towards limiting the efficacy of PDL-1 blockade 

using Atezolizumab(173). Additionally, this thesis explores a panel of IMAs for their ability 

to reprogram M2-like M polarisation, M2-mediated anti-tumour responses, and 

tumour-mediated immunosuppression, in an attempt to improve ICI efficacy, ex vivo.  

6.1.1 Targeting tumour-associated Ms as a potential strategy 
for enhancing immune-checkpoint inhibitor efficacy 

The emergence of ICIs has revolutionised the treatment of cancers which exhibit high 

levels of immune infiltration. Significant improvements in OS have been observed 

following blockade of pro-tumour signalling in NSCLC(182, 522, 523), melanoma(524), and 

renal cell carcinoma(183) patients. Despite great improvements in clinical response seen 

with ICI combination therapies, durable response is still not achieved in >40% of 

patients(173, 220, 221). A dominant mechanism of ICI resistance in these patients is 

believed to be the development of an immunosuppressive TME, particularly, the 

presence of tumour-infiltrating myeloid cells (TAMs; MDSCs) in high abundance(173, 218, 

219). A variety of IMAs targeting TAMs have been extensively researched in pre-clinical 

studies, often in combination with ICIs in an attempt to improve immunotherapeutic 

response (as described in Chapter 1 Introduction)(173, 218). Inhibition of CSF-1R, a 

receptor primarily expressed by M2-like Ms, has been the most researched target for 

TAM reprogramming and has been observed to successfully reduce the number, and 

activity, of immunosuppressive TAMs within the TME, in multiple pre-clinical murine 

studies(173, 525).  

Interestingly, CSF-1R inhibition in combination with PD-1 or CTLA-4 blockade, and 

conventional chemotherapy, led to improved anti-tumour T cell responses and tumour 

regression in a murine model of PCa(224). Several early-phase clinical trials assessing 

ICI/CSF-1R blockade combinations are underway, as summarised by Sharma et al.(173), 

however acute adverse events have been observed in most instances. The lack of 
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clinically-relevant models to study drug toxicity and efficacy has impeded the 

translation and success of these agents in the clinic. This chapter develops a pre-

clinical human patient-derived explant model of NSCLC to study patient response to 

Atezolizumab/IMA combination therapies, ex vivo. 

6.1.2 Mechanism of action of immune-modifying agents 
screened in this study  

Prior to ICI/IMA combination studies, a panel of IMAs were screened for their ability to 

reprogram M2-like M polarisation and M2-mediated anti-tumour immune responses. 

All IMAs tested have been previously reported to impair anti-inflammatory M 

polarisation and/or functions, in either in vitro or in vivo models, and included: 

Tasquinimod, Zometa, PSB0788, BLZ945, MCC950, Ampligen, ODN2006, and CD40L 

(Table. 6.1). Soluble (sCD40L) and membrane-bound (mCD40L) CD40L were 

assessed due to conflicting reports in the literature(240, 526-528). The MoA, if known, for 

each IMA is shown in Table 6.1. In general, the IMAs screened in this chapter inhibit 

proteins that are more dominantly expressed by M2-like Ms or activate pro-

inflammatory signalling pathways. 

 

Agent         

(other names) 
Target 

Agonist/ 

antagonist 

Effect of target in M2-

like Ms 
Outcome of targeting 

Tasquinimod S100A9 Antagonist 

Inflammatory protein 

S100A9 expression is 

required for the 

accumulation and 

function of 

immunosuppressive 

myeloid cells: MDSCs 

and M2-like Ms within 

the TME(529) 

 

Reduced M2-like M 

polarisation, MDSC 

formation, and promotion 

of pro-inflammatory 

immune responses in the 

human and murine TME  
(530-532) 

Zometa (ZA) 

Hydroxyapatite, 

as well as TAMs 

via an unknown 

mechanism(335, 533) 

N/A 
Exact target in Ms 

unknown(335, 533) 

Impaired differentiation of 

myeloid cells into TAMs 

and inhibition of M2-like 

M polarisation/function 

Table 6.1. Mechanism of action of IMAs screened in this study  
The postulated mechanism of action for each immune-modifying agent (IMA) screened in 

this study in reprogramming M2-like M polarisation and anti-inflammatory functions. The 

name and role of each IMA target in M2-like Ms, and the outcome of targeting each 

molecule, is shown. A2A/B, Adenosine 2A/B, CD40L, CD40 ligand; CSF-1(R), colony 

stimulating factor-1 (receptor); MDSCs, myeloid-derived suppressor cells; Ms, 

macrophages; NF-B, nuclear factor kappa light chain enhancer of activated B cells, 

NLRP3, NOD-, LRR- and pyrin domain-containing protein 3; PCa, pancreatic cancer; 

TLR(3/9), toll-like receptor (3/9); (receptor); TME, tumour microenvironment; ZA, zoledronic 

acid. Original table, based on information from research papers, shown as in-text citations.  
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in human and murine 

models(335, 533-535) 

PSB0788 A2B receptor Antagonist 

Adenosine promotes 

M2-like M activation via 

A2A and A2B 

receptors(536) 

Reduced M2-like M 

polarisation and 

promotion of pro-

inflammatory murine 

immune responses(536-538) 

BLZ945 CSF-1R Antagonist 

CSF-1 (M-CSF) binding to 

CSF-1R on Ms induces 

M2-like M polarisation, 

activation, and M 

survival(173, 224, 239, 525) 

Reduced number of TAMs 

and ant-inflammatory 

cytokine secretion in the 

TME, as well as impaired 

M2-like M polarisation in 

human and murine 

studies(173, 224, 239, 525) 

MCC950 
NLRP3 

inflammasome 
Antagonist 

NLRP3 expression 

upregulated in TAMs in 

PCa(539) and regulated 

M2-like M polarisation 

through upregulating IL-

4 in asthma(436) 

Reduced M2-like M 

accumulation and 

polarisation in tissues, as 

well as release of M-

mediated 

immunosuppression in 

human and murine studies 
(436, 539) 

Ampligen TLR3 Agonist 

TLR signalling induces 

pro-inflammatory 

immune responses, 

including TLR3-induced 

M1-like M 

polarisation(267, 401, 540) 

Promotion of M2- to M1-

like M polarisation in 

human and murine cell 

models(267, 401, 540) 

ODN2006 TLR9 Agonist 

TLR signalling induces 

pro-inflammatory 

immune responses, 

including TLR9-induced 

M1-like M 

polarisation(401, 540, 541) 

Induction of TNF, IL-1 

and NF-B pro-

inflammatory signalling in 

Ms, promoting M2- to 

M1-like M polarisation in 

human and mouse studies   
(401, 540-542) 

CD40L CD40 Agonist 

CD40 is commonly 

expressed on pro-

inflammatory, but not 

anti-inflammatory, Ms 

– engagement of this 

receptor with CD40L on 

T lymphocytes mediates 

anti-tumour immune 

responses from 

leukocytes(526, 543)      

Promotion of M2- to M1-

like M polarisation and 

pro-inflammatory 

functions in the human 

and murine TME(240, 526, 527)        
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6.1.3 Aims and objectives 

This chapter set out to address the following research question:  

Can the patient-derived explant model be used to study cellular responses to 

Atezolizumab and/or IMAs, and mechanisms underlying drug efficacy, ex vivo? 

To address the research question, the work surrounded six primary objectives: 

1) Investigate the ability of IMAs to reprogram the M2-like phenotype. IMAs were 

examined for their ability to: 

a. Reduce the natural M2-skewing effect of unstimulated Ms (‘baseline 

effect’). 

b. Prevent M2-like M polarisation (simultaneous treatment and 

polarisation). 

c. Prevent M2-like M polarisation following pre-treatment with IMAs 

(delayed polarisation treatment). 

d. Reverse M2-like M polarisation. 

2) Determine the ability of these IMAs to prevent or reverse sub-optimal pro-

inflammatory cytokine production (TNF) from M2-like Ms.  

3) Explore the efficacy of Atezolizumab in alleviating explant-mediated 

suppression, and restoring pro-inflammatory T cell responses, ex vivo.  

4) Assess the contribution of TCMs to successful Atezolizumab response ex vivo. 

5) Investigate the ability of IMAs to release explant-conditioned M-mediated 

suppression of anti-tumour T cell responses and improve immunotherapeutic 

efficacy, ex vivo, when administered in combination with Atezolizumab. 

6) Identify transcriptomic immune signatures of ex vivo Atezolizumab response in 

NSCLC clinical samples.  

6.2 Results 

6.2.1 Reprogramming the M2-like M phenotype using immune-
modifying agents 

Optimisation of immune-modifying agent concentrations for 

M reprogramming  

IMAs previously associated with the reprogramming of the M2-like M phenotype, as 

described above (MoA shown in Table 6.1), were assessed for their ability to reverse 

and prevent M2 polarisation using the PBMC-derived myeloid cell system optimised in 

previous chapters. IFN was used as a positive M1-polarising control since LPS, as an 

endotoxin, has been associated with high cellular toxicity. Therefore, IFN is more 
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biologically and clinically relevant for future IMA-treated tumour explant studies, 

described later in the chapter. The treatment workflows for the reprogramming of M 

polarisation experiments in this section are shown in Fig. 6.1. In brief, healthy CD14+ 

PBMCs were incubated with IMAs or IFN, under four different M conditions, to 

determine the ability of these agents to reduce the natural M2-skewing effect of 

unstimulated Ms (‘baseline effect’; Fig. 6.1A), prevent M2-like M polarisation (Fig. 

6.1B), prevent M2-like M polarisation following pre-treatment with IMAs or IFN (Fig. 

6.1C), and reverse M2-like M polarisation (Fig. 6.1D).  

 

 

Firstly, each agent was tested under a range of concentrations to select doses which 

achieve optimal M polarisation and maintenance of long-term culture viability, prior to 

future reprogramming studies (Fig. 6.2). The concentration range used for each IMA in 

preliminary experiments was selected based on that used in M2-like M 

Figure 6.1. Treatment workflows for phenotypic M reprogramming experiments  

4x104 healthy CD14+ PBMCs were incubated with immune-modifying agents (IMAs) or IFN 

as a positive M1-polarising control under four different M conditions in order to determine 

the ability of these agents to A) reduce the natural M2-skewing effect of unstimulated Ms 

(‘baseline effect’), B) prevent M2-like M polarisation (simultaneous treatment and 

polarisation), C) prevent M2-like M polarisation following pre-treatment with IMAs or IFN 

(delayed polarisation), and D) reverse M2-like M polarisation. IL-4, IL10, and IL-13 were 

used as the M2-polarising cytokines in the relevant M2 reprogramming experiments. The 

treatment workflow for each M reprogramming experiment is shown. Under each of the four 

conditions, CD14+ PBMCs were incubated without IMAs or IFN to generate time-matched, 

untreated controls.  
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reprogramming studies in the literature (shown in Table 6.1), where possible, as well 

as manufacturer recommendations. Dose-dependent prevention and reversion of M2-

like M polarisation was assessed as described in the treatment workflows shown in 

Fig. 6.1B and Fig. 6.1D. CD40L-expressing NIH3T3 cells (representing mCD40L) were 

irradiated prior to culture, as described in the Materials and Methods, to limit cell 

proliferation and subsequent competition with Ms for nutrients and space. The 

percentage of CD206hiCD64lo cells (M2-like Ms) present in myeloid cell cultures 

following 48 h IMA or IFN treatment was assessed by flow cytometry. IFN 

consistently prevented and reversed M2-like M polarisation in all experiments (Fig. 

6.2). PSB0788, MCC950, ODN2006, and sCD40L were unable to prevent or reverse 

M2-like M polarisation at any concentration. Treatment of CD14+ PBMCs with 250 

g/mL Ampligen significantly prevented M2-like M polarisation compared to the time-

matched untreated M2 controls, however, M2 reversion was unaffected at any 

concentration (Fig. 6.2). In contrast, Tasquinimod (10 M and 50 M), Zometa (300 nM 

and 600 nM), and BLZ945 (10 nM) significantly reversed M2-like M polarisation; 

however, the development of the M2 phenotype was not affected (Fig. 6.2). 

Interestingly, irradiated NIH3T3 CD40L cells, at higher concentrations (1:20; 1:10, 

NIH3T3 CD40L: CD14+ PBMC ratio), prevented M2-like M polarisation (Fig. 6.2). 

NIH3T3 CD40L significantly affected M2 phenotypic reversion at all cell concentrations, 

compared to the time-matched untreated M2 controls.  
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Figure 6.2. Selection of optimal IMA concentrations for M reprogramming studies  

The optimal concentration of nine immune-modifying agents (IMAs) in preventing or reversing M2-like M polarisation was assessed using two-marker flow 

cytometry analyses of the percentage of CD206hiCD64lo cells (M2-like Ms) present in myeloid cell cultures following IMA treatment. Under all conditions, 

IFN treatment was used as an M1-polarising control. CD14+ PBMCs were incubated without IMAs or IFN to generate time-matched, untreated controls. IL-4, 

IL10, and IL-13 were used as the M2-polarising cytokines in M2 reversion and prevention experiments. The concentration range tested for Tasquinimod, 

Zometa, PSB0788, BLZ945, MCC950, ODN2006, soluble CD40 ligand (sCD40L), and NIH3T3 CD40L cells are shown. Statistical analyses were carried out by 

applying an ANOVA with Dunnett’s post-hoc test. Data given as a percentage of parent (live CD14+) gate and represent mean ± SEM, calculated from technical 

triplicates (n=3), with statistically significant differences compared to the untreated controls (0 + M2; M2 + 0) marked as *p < 0.05; **p < 0.01; ***p < 0.001. Data 

are representative of one healthy donor experiment per IMA tested (N=1). The effect of each IMA concentration on 2 day CD14+ PBMC (4x104) viability, as well 

as 6 day CD14+ (1x104) and CD14- (1x105) PBMC viability, was assessed using the OranguTM cell viability assay (OD is directly proportional to the number of 

live cells, as described in Materials and Methods) in the absence of M2-promoting cytokines. In brief, 90 L IMA-treated PBMC cell suspension was incubated 

with 10 L OranguTM Cell Counting Solution for 4 h (37̊C, 5% CO2). Absorbance (optical density; OD) at 450 nm was measured using a PHERAstar FS 

Microplate plate reader. Statistical analyses were not carried out since data represent mean ± SEM, calculated from technical duplicates (n=2). Data are 

representative of two independent healthy donor experiments (N=2). Viability data for IFN− and NIH3T3 wild-type (WT) cell-treated cultures are shown in 

Appendix 6.1.  
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Single live myeloid cells were analysed by flow cytometry (Fig. 6.2). Toxicity studies 

were performed to assess the overall viability of short-term IMA-treated CD14+ PBMC 

cultures (2 days) and long-term IMA-treated CD14+ and CD14-  PBMC cultures (6 days), 

to represent future 48 h M polarisation assays and 6-day T cell assays, respectively 

(Fig. 6.2). IMA concentrations for use in future M reprogramming studies were 

selected based on their ability to best prevent/reverse M2-like M polarisation, whilst 

maintaining the viability of short- and long-term PBMC cultures. The viability of IMA-

treated PBMCs were assessed using the OranguTM cell viability assay. As expected, 

IFN treatment did not affect the viability of short- or long-term PBMC cultures, but was 

assessed as a negative control for IMA toxicity (Appendix 6.1A). In general, IMA 

concentrations which promoted the lowest levels of M2-like Ms in cultures following 48 

h treatment, also appeared to have minimal effects on CD14+/- PBMC viability after 2 or 

6 days culture. Therefore, these IMA concentrations were used in all further treatment 

experiments, and are summarised in Table 6.2. An exception to this observation was 

irradiated NIH3T3 cells, which appeared to negatively influence M, but not CD14- 

PBMC, culture viability with increasing cell concentrations (lower cell ratios of NIH3T3 

cells to PBMCs, including 1:20 and 1:10). NIH3T3 CD40L cells highly expressed 

CD40L on their surface, before (91.6%) and after (92.4%) irradiation treatment, 

compared to negative control, #15 (primary mesothelioma) cells (0.4%) (Appendix 

6.1B). In contrast, irradiated NIH3T3 WT cells were not progressively toxic with 

increasing cell concentrations in either short- or long-term CD14+/- cultures (Appendix 

6.1A). As such, it could be inferred that the significant M2 reprogramming effects 

observed when using 1:20 and 1:10 cell ratios (NIH3T3 CD40L: CD14+ PBMCs) were 

likely an artefact of CD40L-mediated killing of M2-like Ms. Therefore, a 1:75 NIH3T3 

CD40L: CD14+ PBMC ratio was used in future experiments to ensure accurate 

assessment of IMA-driven M2 reprogramming (Table 6.2). 
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 Optimal 
concentration 

Tasquinimod 10 M 

Zometa 300 nM 

PSB0788 500 nM 

BLZ945 10 nM 

MCC950 500 nM 

Ampligen 250 g/mL 

ODN2006 1 g/mL 

sCD40L 100 ng/mL 

NIH3T3 CD40L 1:75* 

NIH3T3 CD40L cell-induced reversion of M2-like M polarisation appeared 
CD40L-dependent  

To confirm that the reversion of M2 polarisation induced by irradiated NIH3T3 CD40L 

cells (1:75 ratio) was CD40L-dependent, CD40L blockade of NIH3T3-treated M2-like 

M cultures was investigated, and resultant effect on M polarisation assessed by flow 

cytometry analysis of M subsets (Fig. 6.3). The treatment workflow for the reversion of 

M2 polarisation experiments in the presence of a CD40L blocking (CD40L) antibody 

(0.05-50 g/mL) is shown in Fig. 6.3A. The blocking antibody concentration range was 

selected based on manufacturers recommendations. An IgG1k isotype control antibody 

was used to ensure the CD40L-specificity of the CD40L antibody. Irradiated NIH3T3 

WT cells were incorporated into additional experiments to determine the extent of 

CD40L antibody blocking efficacy and to control for NIH3T3 cell-specific polarising 

effects (Fig. 6.3G). At baseline, irradiated NIH3T3 CD40L cells expressed high levels 

of CD40L (95.1%), whilst NIH3T3 WT cells, which had not been transfected to over-

express human CD40L, exhibited negligible levels of CD40L prior to M culture (1.2%), 

similar to that of #15 primary human mesothelioma cells (1.0%), previously used as the 

biological CD40L negative control (Fig. 6.3B). These findings demonstrate little non-

specific binding of the mouse anti-human CD40L flow cytometry antibody to mouse-

derived NIH3T3 WT cells, indicating that the high CD40L expression observed on 

NIH3T3 CD40L cells is biologically accurate.  

 

Table 6.2. Optimal IMA concentrations  

Table summarising the optimal IMA concentrations selected for future M reprogramming 

experiments. *1:75 relates to the ratio of NIH3T3 CD40L: CD14+ PBMCs.  
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Figure 6.3. CD40L blockade prevented NIH3T3 CD40L cell-induced reversion of M2 polarisation   

A) The treatment workflow for reversion of M2 polarisation experiments in the presence of CD40L blockade. In brief, 4x104 CD14+ PBMCs were incubated with 

M2-polarising cytokines (IL-4, IL10, and IL-13) for 48 h to generate M2-like Ms, prior to treatment with irradiated NIH3T3 CD40L cells (1:75; NIH3T3 CD40L: 

CD14+ PBMC) ± CD40L blocking antibody. CD14+ cells were harvested following a further 48 h treatment and analysed by flow cytometry. IFN treatment was 

used as an M1-polarising control whilst CD14+ PBMCs were incubated without IMAs or IFN to generate time-matched, untreated controls (M2-polarised Ms 

Only). M2-polarised Ms were treated with CD40L blocking antibody to control for direct M polarising effects as a result of CD40L blockade (M2-polarised Ms 

+ CD40L blocking antibody). An IgG1k isotype control antibody was used to ensure the CD40L-specificity of the CD40L blocking antibody. B) The expression of 

CD40L on irradiated NIH3T3 WT and NIH3T3 CD40L cells was determined at T=0, prior to M culture. #15 mesothelioma patient-derived cells were used as an 

additional CD40L negative biological control. 0, 0.05, 0.5, 5, and 50 g/mL CD40L blocking antibody was tested to determine the concentration required for 

optimal for CD40L blockade. The percentage of C) M1-like Ms (CD206loCD64hi), D) M2-like Ms (CD206hiCD64lo), E) MU-like myeloid cells (CD206loCD64lo), 

and F) MT-like myeloid cells (CD206hiCD64hi) present in CD14+ cell cultures following treatment was determined using two-marker analyses. G) The 

percentage of (i) M2-like Ms (CD206hiCD64lo) and (ii) MT-like myeloid cells (CD206hiCD64hi) present in NIH3T3 CD40L cell-treated myeloid cell cultures ± 

optimal CD40L blocking antibody concentration (5 g/mL; M2-polarised Ms + NIH3T3 CD40L cells ± CD40L blocking antibody). NIH3T3 WT cells were used to 

control for NIH3T3 cell-specific polarising effects, independent of CD40L expression (M2-polarised Ms + NIH3T3 WT cells). Statistical analyses were carried 

out by applying an ANOVA with Dunnett’s post-hoc test. Data given as a percentage of parent (live CD14+) gate and represent mean ± SEM, calculated from 

technical triplicates (n=3), with statistically significant differences compared to the untreated controls (M2-polarised Ms Only) marked as *p < 0.05; **p < 0.01; 

***p < 0.001. Data are representative of one healthy donor experiment (N=1). CD40L, CD40 ligand; WT, wild-type. 
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Based on M subset analysis, the addition of NIH3T3 CD40L cells to M2-like M 

cultures in the presence and absence of the isotype control significantly reduced the 

percentage of M2-like Ms present in CD14+ cell cultures, compared to the time-

matched untreated M2 controls (Fig. 6.3D). In addition, NIH3T3 CD40L cells promoted 

M2- to MU-like myeloid cell skewing (Fig. 6.3E). M1-like M and MT-like myeloid cell 

populations remained unchanged following NIH3T3 CD40L cell treatment (Fig. 6.3A 

and Fig. 6.3F). Interestingly, all concentrations of CD40L antibody, including 0.05 

g/mL, prevented NIH3T3 CD40L cell-induced reversion of M2 polarisation (Fig. 6.3C-

F). In the absence of NIH3T3 CD40L cells, blocking of CD40L on M2-like Ms had no 

effect on M polarisation compared to the untreated M2 controls. Overall, these data 

indicate that both the CD40L antibody, and NIH3T3 reversion of M2 polarisation, were 

CD40L-specific. Since each CD40L antibody concentration blocked NIH3T3 CD40L 

reprogramming activity, an intermediate CD40L antibody concentration (5 g/mL) was 

selected for future experiments.  

To confirm that the majority of human CD40L protein on NIH3T3 CD40L cells was 

blocked with 5 g/mL CD40L antibody, M2-like Ms were treated with NIH3T3 WT 

cells (non-transfected CD40L negative control for the NIH3T3 cell line). NIH3T3 CD40L 

cells promoted similar M2- to MU-like myeloid cell skewing, as observed in previous 

experiments (Fig. 6.3G). NIH3T3 WT cells did not reverse the M2-like phenotype, 

similarly to that seen following CD40L blockade of NIH3T3 CD40L cells (Fig. 6.3G). 

Together, these data confidently demonstrate a high efficacy in CD40L blockade using 

CD40L antibodies and once again, the CD40L-specific reversion of M2-like M 

polarisation.  

IFN and Tasquinimod successfully reprogrammed M2-like Ms 

Since the majority of IMAs explored in Fig. 6.2 were not able to prevent or reverse M2-

like M polarisation, all agents were fully investigated for their ability to induce the 

formation of different myeloid cell subsets (M1/M2/MU/MT) under four different 

treatment conditions, as shown in Fig. 6.1. The following findings are representative of 

three independent healthy donor experiments. 

Firstly, the baseline effect of these IMAs on CD14+ PBMCs, and their ability to reduce 

the natural M2 skewing of unstimulated Ms (media control Ms), was assessed 

(treatment workflow shown in Fig. 6.4A). Tasquinimod significantly reduced natural 

M2-like M polarisation and increased the proportion of MU-like myeloid cells in culture, 

through downregulation of CD206 on Ms, compared to untreated Ms (Fig. 6.4B-E 

and Appendix 6.2). In contrast, NIH3T3 CD40L, but not WT, cells significantly 
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promoted M2- to MT-like skewing, owing to increased expression of CD64 on treated 

Ms (Fig. 6.4B-E and Appendix 6.2). However, it is of importance to note that NIH3T3 

CD40L cells significantly upregulated CD23 and CD200R on Ms (Appendix 6.2), 

indicating that this MT-like population formed following treatment may contain a 

proportion of M2a-like Ms (as discussed in Chapter 3). Overall, these data suggest 

that the membrane-bound, but not soluble form, of CD40L is required for the significant  

prevention of natural M2-like M development.   

IFN was observed to significantly reduce M2-like (CD206hiCD64lo), and increase M1-

like (CD206loCD64hi) M proportions, compared to the untreated media control (Fig. 

6.4B-E). These IFN-treated myeloid cultures contained higher proportions of CD64hi 

and PDL-1hi cells, and a lower proportion of CD206hi cells, compared to the untreated 

media control (Appendix 6.2).  
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Next, this study assessed the ability of these IMAs to prevent M2 polarisation, where 

IMAs and M2-polarising cytokines were added simultaneously to myeloid cell cultures 

(treatment workflow shown in Fig. 6.5A). Ampligen, NIH3T3 CD40L, and IFN were 

able to significantly prevent M2-like M polarisation by increasing MU-, MU/MT-, and 

M1/MT-like populations, respectively, compared to 48 h untreated M2-like Ms (Fig. 

6.5B-E). Again, only IFN was capable of mediating M2- to M1-like M polarisation, 

Figure 6.4. Assessment of the baseline polarisation effects of IMAs on unstimulated 

Ms 

A) The treatment workflow for baseline M polarisation experiments. In brief, 4x104 CD14+ 

PBMCs were incubated with immune-modifying agents (IMAs) for 48 h prior to harvesting 

and the flow cytometry assessment of CD14+ cells. IFN treatment was used as an M1-

polarising control and CD14+ PBMCs were incubated without IMAs or IFN to generate time-

matched, untreated controls. The percentage of B) M1-like Ms (CD206loCD64hi), C) M2-like 

Ms (CD206hiCD64lo), D) MT-like myeloid cells (CD206hiCD64hi), and E) MU-like myeloid 

cells (CD206loCD64lo) present in CD14+ cell cultures following treatment was determined 

using two-marker analyses. Statistical analyses were carried out by applying an ANOVA with 

Dunnett’s post-hoc test. Data given as a percentage of parent (live CD14+) gate and 

represent mean ± SEM, calculated from technical triplicates (n=3), with statistically 

significant differences compared to the untreated controls (48 h media control Ms) marked 

as *p < 0.05; **p < 0.01; ***p < 0.001. Data are representative of three independent healthy 

donor experiments (N=3).  
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through significantly reducing the proportion of CD206hi and increasing the proportion 

of CD64hi Ms in culture (Appendix 6.3).  

 

 

In some instances, simultaneous M2 polarisation during IMA treatment may limit the 

biological effects of these agents. As such, the pre-treatment of M with IMAs for 48 h 

Figure 6.5. Preventing M2 polarisation using IMAs 

The treatment workflow for prevention of M2 polarisation experiments. In brief, 4x104 CD14+ 

PBMCs were simultaneously incubated with immune-modifying agents (IMAs) and M2-

polarising cytokines (IL-4, IL10, and IL-13) for 48 h (simultaneous treatment and polarisation) 

prior to harvesting and the flow cytometry assessment of CD14+ cells. IFN treatment was 

used as an M1-polarising control and CD14+ PBMCs were incubated without IMAs or IFN to 

generate time-matched, untreated controls. The percentage of B) M1-like Ms 

(CD206loCD64hi), C) M2-like Ms (CD206hiCD64lo), D) MT-like myeloid cells 

(CD206hiCD64hi), and E) MU-like myeloid cells (CD206loCD64lo) present in CD14+ cell 

cultures following treatment was determined using two-marker analyses. Statistical analyses 

were carried out by applying an ANOVA with Dunnett’s post-hoc test. Data given as a 

percentage of parent (live CD14+) gate and represent mean ± SEM, calculated from 

technical triplicates (n=3), with statistically significant differences compared to the untreated 

controls (48 h M2 control Ms) marked as *p < 0.05; **p < 0.01; ***p < 0.001. Data are 

representative of three independent healthy donor experiments (N=3).  
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prior to M2 polarisation was performed to address this (treatment workflow shown in 

Fig. 6.6A).  

Under these conditions, Tasquinimod significantly reduced M2-like polarisation and 

increased MT-like skewing, similarly to that observed by IFN, compared to the 

untreated M2 control (Fig. 6.6B-E). No agent apart from IFN was capable of directly 

mediating M2- to M1-like M polarisation. Additionally, for the first time, NIH3T3 

CD40L, but not WT, cells dominantly promoted MU-like polarisation through 

downregulation of CD206hi cells present in M2-like M cultures (Fig. 6.6B-E and 

Appendix 6.4). 

Whilst MCC950 and sCD40L pre-treatment did not prevent delayed M2-like M 

polarisation, these agents were observed to significantly increase CD64 expression on 

Ms, and therefore the presence of MT-like myeloid cells (CD206hiCD64hi) in treated 

M2-like M cultures (Fig. 6.6B-E and Appendix 6.4).  
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Finally, I was most interested in studying the ability of each IMA to actively reverse M2 

polarisation, in cases where, like in the lung TME, Ms would already be skewed into a 

dominant M2-like state (treatment workflow shown in Fig. 6.7A).  

Figure 6.6. Preventing M2 polarisation through pre-treatment with IMAs 

The treatment workflow for prevention of M2 polarisation experiments following pre-

treatment with immune modifying agents (IMAs). In brief, 4x104 CD14+ PBMCs were 

incubated with IMAs for 48 h prior to the addition of M2-polarising cytokines (IL-4, IL10, and 

IL-13). CD14+ cells were harvested following a further 48 h culture (delayed polarisation) and 

analysed by flow cytometry. IFN treatment was used as an M1-polarising control and CD14+ 

PBMCs were incubated without IMAs or IFN to generate time-matched, untreated controls. 

The percentage of B) M1-like Ms (CD206loCD64hi), C) M2-like Ms (CD206hiCD64lo), D) 

MT-like myeloid cells (CD206hiCD64hi), and E) MU-like myeloid cells (CD206loCD64lo) 

present in CD14+ cell cultures following treatment was determined using two-marker 

analyses. Statistical analyses were carried out by applying an ANOVA with Dunnett’s post-

hoc test. Data given as a percentage of parent (live CD14+) gate and represent mean ± 

SEM, calculated from technical triplicates (n=3), with statistically significant differences 

compared to the untreated controls (96 h M2 control Ms) marked as *p < 0.05; **p < 0.01; 

***p < 0.001. Data are representative of three independent healthy donor experiments (N=3).  
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Under these conditions, only Tasquinimod looked promising, where 48 h treatment of 

M2-like Ms significantly promoted M2- to MU-like myeloid cell polarisation, compared 

to the untreated M2 control (Fig. 6.7B-E). In accordance with previous findings, IFN 

successfully reversed M2-like Ms into an M1- and MT-like state through upregulation 

of CD64hi cells present in treated cultures (Fig. 6.7B-E and Appendix 6.5). 

When analysing all IMAs together in one complete experiment (Fig. 6.7B-E), rather 

than each IMA individually in independent experiments, NIH3T3 CD40L cells were not 

capable of significantly reversing the M2-like phenotype like had been shown 

previously in Fig. 6.2 and Fig. 6.3. These data indicate that NIH3T3 CD40L cells are 

not the most promising IMA for reprogramming M2-like M polarisation in vitro. 

In summary, myeloid cell treatment with Tasquinimod and IFN enabled active 

reprogramming of the M2-like M phenotype into an MU- and M1/MT-like state, 

respectively (Table 6.3). In contrast, NIH3T3 CD40L cells were able to prevent, but not 

reverse, M2-like M polarisation by promoting an MT- and/or MU-like state (Table 6.3). 

In general, the remaining IMAs (Ampligen, MCC950, sCD40L, Zometa, PSB0788, 

BLZ945, and ODN2006) had little effect on preventing or reversing the development of 

an M2-like phenotype under any experimental treatment condition (Table 6.3). Future 

studies need to determine the functional impact of IMA-mediated changes in M 

marker expression in a larger healthy donor cohort.  
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Figure 6.7. Reversing M2 polarisation using IMAs 

The treatment workflow for reversion of M2 polarisation experiments. In brief, 4x104 CD14+ 

PBMCs were incubated with M2-polarising cytokines (IL-4, IL10, and IL-13) for 48 h to 

generate M2-like Ms, prior to treatment with immune-modifying agents (IMAs). CD14+ cells 

were harvested following a further 48 h treatment and analysed by flow cytometry. 

IFN treatment was used as an M1-polarising control and CD14+ PBMCs were incubated 

without IMAs or IFN to generate time-matched, untreated controls. The percentage of B) 

M1-like Ms (CD206loCD64hi), C) M2-like Ms (CD206hiCD64lo), D) MT-like myeloid cells 

(CD206hiCD64hi), and E) MU-like myeloid cells (CD206loCD64lo) present in CD14+ cell 

cultures following treatment was determined using two-marker analyses. Statistical analyses 

were carried out by applying an ANOVA with Dunnett’s post-hoc test. Data given as a 

percentage of parent (live CD14+) gate and represent mean ± SEM, calculated from 

technical triplicates (n=3), with statistically significant differences compared to the untreated 

controls (96 h M2 control Ms) marked as *p < 0.05; **p < 0.01; ***p < 0.001. Data are 

representative of three independent healthy donor experiments (N=3).  
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Table 6.3 The significant effects of 

IMAs on M2-like M polarisation 

Table summarising the effect of each IMA 

on various M subsets and their ability to 

reduce the natural M2 skewing of 

unstimulated Ms, prevent simultaneous 

(parallel treatment and polarisation) or 

delayed (pre-treatment) M2-like 

M polarisation, or reverse the M2-like 

phenotype. Data are representative of 

three independent healthy donor 

experiments (N=3). MT, transitional 

myeloid cells; MU, unpolarised myeloid 

cells. 
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6.2.2 IFN, Zometa, and NIH3T3 CD40L cells enhanced TNF 

production from M2-like Ms 

Next, to assess the ability of IMAs to prevent or reverse the sub-optimal pro-

inflammatory myeloid cell function of M2-like Ms, ICCS of TNF was performed 

following stimulation of IMA-treated M2-like M cultures with LPS (Fig. 6.8). CD206-, 

CD64-, and TNF−specific antibodies were added to the flow cytometry panel to 

simultaneously confirm IMA-mediated M polarisation (Appendix 6.6A). 

Corresponding treatment workflows for each assay are shown in Fig. 6.8A(i)-B(i). The 

reduction in the percentage of M2-like Ms (CD206hiCD64lo) present in CD14+ cell 

cultures following IMA-treatment largely reflected previous findings, shown in Fig. 6.5 

and Fig. 6.7. As observed previously in Chapter 3, TNF production from M1 control 

Ms was significantly higher than from M2-like Ms (Appendix 6.6B). Following 

confirmation of assay success, TNF production from IMA-treated cultures was 

analysed compared to the corresponding time-matched untreated M2 controls.  
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In all three M2 prevention assays, IMAs were not able to prevent the sub-optimal pro-

inflammatory myeloid cell function of M2-like Ms. (Fig. 6.8A(ii)). In contrast, 

preliminary data showed that Zometa and NIH3T3 CD40L cells significantly enhanced 

TNF production from M2-like Ms in one out of three M2 reversion assays (Fig. 

6.8B(ii)), compared to the untreated 96 h M2 controls. As expected, treatment with an 

Figure 6.8. Zometa and NIH3T3 CD40L cells reversed sub-optimal TNF production 

from M2-like Ms in 1/3 of donors 

The treatment workflow for the A(i) prevention or B(i) reversion of M2-mediated 

suppression of TNF production from myeloid cells. Following treatment of 4x104 CD14+ 

PBMCs with M2-promoting cytokines (IL-4, IL10, and IL-13) and immune-modifying 

agents (IMAs), as described in the treatment workflows, cells were treated with 500 

ng/mL LPS for 1 h. Following treatment, Golgi Plug (1 L/mL) and Golgi Stop (0.7 L/mL) 

reagents were added for 4 h before myeloid cells were harvested and intracellular 

cytokine staining of TNF was performed. TNF production from A(ii) ‘prevent M2’ and 

B(ii) ‘reverse M2’ M cultures were analysed by flow cytometry. IFN treatment was used 

as an M1-polarising control and CD14+ PBMCs were incubated without IMAs or IFN to 

generate time-matched, untreated controls. Statistical analyses were carried out by 

applying a two-way ANOVA with Bonferroni post-hoc test. Data given as a percentage of 

parent (live CD14+) gate and represent mean ± SEM, calculated from technical triplicates 

(n=3), with statistically significant differences compared to the untreated controls 

(‘prevent M2’: 48 h M2 control; ‘reverse M2: 96 h M2 control) marked as *p < 0.05; **p < 

0.01; ***p < 0.001. Data represent three independent healthy donor experiments (N=3).  
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M1-polarising control, IFN, significantly prevented and reversed sub-optimal pro-

inflammatory cytokine production in all healthy donor M experiments. Overall, the 

large variation in donor-specific IMA response observed in the above experiments 

limits the conclusions that can be reached from this study.  

The ultimate effect of these IMAs in reversing localised TCM-mediated T cell 

suppression within the TME is explored in later sections, using the explant-mediated 

immunosuppression model. 

6.2.3 Atezolizumab significantly reduced explant-mediated 
immunosuppression in 1/6 of ex vivo patient experiments  

The ability of the NSCLC explant system to model patient T cell responses to 

Atezolizumab treatment, ex vivo, was assessed prior to IMA combination studies. 

Previous optimisation of Atezolizumab-based suppression assays in our lab had 

identified 250 g/mL as the optimal concentration for inducing significant cellular 

responses in vitro (data not shown). However, prior to use in the tumour explant model, 

Atezolizumab toxicity was assessed at a range of concentrations (0-625 g/mL) 

(Appendix 6.7). The OranguTM cell viability assay was used on 6-day treated whole 

PBMCs cultures (in the absence of explants). PBMC viability appeared stable at all 

concentrations in three independent healthy donor experiments. Additionally, Donor 3 

PBMC viability was increased following 6-day treatment with 25 g/mL, 125 g/mL, and 

625 g/mL. As such, 250 g/mL Atezolizumab was used in future T cell assays. 

Next, lung tumour explant-mediated T cell suppression assays were established, as 

previously discussed in Chapter 4, in the presence and absence of autologous patient 

myeloid cells. Explant-conditioned T cell cultures were treated with Atezolizumab or 

sterile H2O (diluent only control) for 6 days. VP-stimulated pro-inflammatory cytokine 

production (IFN and TNF) from corresponding Atezolizumab-treated patient T cells 

(CD4+ or CD8+) was analysed by flow cytometry (Fig. 6.9). 

Atezolizumab significantly reduced explant-mediated immunosuppression in 1/6 of 

NSCLC patient-derived explant experiments, ex vivo. Of importance, effective 

Atezolizumab responses in the lung TME was only observed in the presence of 

exogenously added Ms, indicating that efficacy of PDL-1 immunotherapies are, in 

part, M-dependent (Fig. 6.9). Whilst similar trends were observed for patient 2308, 

differences between treatment arms did not reach statistical significance. Overall, no 

significant differences between untreated or Atezolizumab-treated cultures were 

observed for any experimental arm in patient 5178, 5794, and 2308 experiments (Fig. 

6.9). Therefore, it was difficult to conclude whether these patients were biological non-
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responders since Atezolizumab did not appear to have an effect under any T cell 

condition. Such findings could be a result of the high inter-patient variability observed in 

these patient experiments, or low levels of baseline cytokine production observed from 

VP-stimulated T cell cultures in some patients (namely 5178), and are indicative of 

technical, and not biological, ‘unresponsiveness’. To avoid false negative results, only 

patients 2780, 4898, and 4836 were included in future analyses, where significant 

biological response to Atezolizumab was observed under at least one experimental 

condition. Patient 4898 was considered the positive biological responder, whilst 

patients 2780 and 4836 were the negative biological responders, or ‘non-responders’. 

Interestingly, release of M2-mediated immunosuppression was observed in parallel to 

release of tumour-mediated immunosuppression (Fig. 6.9B; patient 4898). In contrast, 

in the case of biological non-responders, a significant reduction in M1-mediated 

activation of pro-inflammatory T cell activity was noted with Atezolizumab (Fig. 6.9A; 

patient 2780 and Fig. 6.9B; patient 4836). These data are of paramount importance, 

not only supporting previous findings that M2-like Ms can limit Atezolizumab 

efficacy(173, 218, 219), but demonstrating that successful T cell response to Atezolizumab is 

directly reliant on the successful release of M2-mediated immunosuppression within 

the TME. These findings will be further investigated in future sections. 
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Figure 6.9. Atezolizumab significantly reduced explant-mediated immunosuppression in 1/6 of ex vivo patient experiments  

Fresh NSCLC tissue and autologous CD14+ PBMCs were obtained from consented patients undergoing surgical resection. Tumour explants were co-cultured 

with patient CD14+ PBMCs (1x104) for 48 h in 10% RPMI medium to enable M polarisation. CD14+ cells were polarised into M1- or M2-like M controls or 

incubated without cytokines to generate unstimulated media controls. Explant only wells were established to assess M-independent tumour 

immunosuppression. M cultures were treated with or without 250 g/mL Atezolizumab and immediately loaded with 5 g/mL viral peptide (VP) pool or DMSO 

(unstimulated; ---- represents unstimulated T cells Only) for 1 h. Autologous CD14- PBMCs were cryopreserved until required, before being added to M co-

cultures (1x105) or to medium (T cells Only) and incubated for 6 days. Cultures were re-stimulated with VP at day 6 to reactivate memory T cell responses. 

Intracellular cytokine staining of IFN and TNF levels in T cells was performed and analysed by flow cytometry. Percentage of double positive pro-inflammatory 

cytokine production (IFN+TNF+) from A) CD4+ (N=3) and B) CD8+ T cells (N=3) following 6 days explant co-culture. Experiments were performed in an entirely 

autologous patient system. Statistical analyses were carried out by applying a two-way ANOVA with Bonferroni post-hoc test. Data given as a percentage of 

parent (A) live CD4+; B) live CD8+) gate and represent mean ± SEM, calculated from technical triplicates (n=3), with statistically significant differences between 

all conditions shown and marked as *p < 0.05; **p < 0.01; ***p < 0.001. Data represent six independent patient experiments (N=6). 
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PD-1 and PDL-1 were more highly expressed in the tumour tissue of the 
ex vivo Atezolizumab responder  

Successful patient response to PDL-1 therapy is inherently complex, and is often 

underpinned by the expression of additional immune supressing or activation 

molecules, other than PDL-1 and its associated receptor, in tumour tissue or peripheral 

blood. As such, the mRNA expression of the B7 family of immunoregulatory ligands, 

and associated receptors (as described in Chapter 1 Introduction), within the NSCLC 

tissue and blood of ex vivo responders (R) and non-responders (NR), was analysed 

retrospectively (Fig. 6.10).  

B7-H6 and B7-H7 ligands were not included in the NanoString PanCancer IO360 

nCounter® gene expression panel and subsequently, were not evaluated in this 

chapter. In general, the B7 family ligands CD86 and VSIR, as well as receptors CD28 

and ICOS, were more highly expressed in the blood of NSCLC patients, compared to 

tissue samples from the same patients (Fig. 6.10). In contrast, the B7 family ligands 

CD80, CD274 (PDL-1), PDCD1LG2 (PDL-2), ICOSLG, CD276, and VTCN1, as well as 

receptors CTLA4 and PDCD1 (PD-1), were more highly expressed in the majority of 

NSCLC tissue samples, compared to the blood of the same patients (Fig. 6.10). Based 

on the above data, it is likely that CD86 engagement with CD28 in the blood of NSCLC 

patients results in co-stimulation and immune activation. This is in accordance with 

previous findings (discussed in Chapter 4), describing the dominant pro-inflammatory 

nature of NSCLC patient blood.
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Figure 6.10. PD-1 and PDL-1 mRNA were at the highest levels in NSCLC tissue of the ex vivo Atezolizumab responder 

The RNA expression of classical B7 family members and their associated receptors in NSCLC patient tissue and peripheral blood samples, collected prior to 

Atezolizumab T cell function assays, was assessed. Quantification of transcripts of 770 onco-immune-related genes were performed using the NanoString 

PanCancer IO360 nCounter® gene expression panel with NanoString Technologies nSolverTM analysis software. Absolute mRNA counts for B7 family ligands: 

CD80; CD86; CD274; PDCD1LG2; ICOSLG; CD276; VTCN1; VSIR and B7 family-associated receptors: CD28; CTLA4; PDCD1; ICOS, normalised to 

endogenous positive controls and housekeeping genes, are plotted for each of three (N=3) patients. The associated receptors of CD276, VTCN1, and VSIR have 

yet to be elucidated (unknown). Data comparing the experimentally significant ex vivo Atezolizumab responder (R) to Atezolizumab non-responders (NR) are 

shown. mRNA counts were thresholded as present above the geometric mean of the endogenous negative controls (16.5). Data represent the raw mRNA counts 

from tissue and blood samples of three independent patients (N=3), measured in technical singlet (n=1) as advised by the manufacturer.  
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When comparing the ex vivo responder (patient 4898), to non-responders, tumour 

tissue from the responder was observed to express the highest levels of PDL-1 and 

PD-1 mRNA, compared to any of the non-responder tissue samples (Fig. 6.10). 

Therefore, it would be expected that the highest levels of PDL-1-mediated suppression 

of T cell responses would be the strongest within this tumour sample. These data 

therefore help to explain the significant release of explant-mediated T cell suppression 

following blockade of the PD-1/PDL-1 axis with Atezolizumab observed with patient 

4898, but not 2780 or 4836. Although PDCD1LG2 (or PDL-2) was highly expressed in 

the tissue of the ex vivo responder, it was also similarly expressed in one of the NR 

tissues, indicating that expression levels did not correlate with Atezolizumab response, 

targeting PDL-1, in this study (Fig. 6.10). Importantly, patient 4836 tissue contained the 

lowest levels of CD274 (PDL-1) and PDCD1LG2 (PDL-2) of all patients and therefore, 

despite expressing moderate levels of PD-1, interaction with this receptor within the 

TME would have been minimal (Fig. 6.10). 

Alongside both non-responders expressing lower levels of CD274 (PDL-1) and/or 

PDCD1 (PD-1) than the ex vivo responder, high levels of additional 

immunosuppressive molecules were found in the tissue of patient 2780. Specifically, 

specimens were found to express high levels of CTLA4 and VTCN1 (Fig. 6.10). Taken 

together, these molecules may have aided in creating a further immunosuppressive 

environment, independent of PDL-1 inhibition.  

These data greatly advocate the need for personalised medicine, requiring patients to 

be appropriately selected for PDL-1 therapy based on high tumour PDL-1 expression. 

6.2.4 Release of NSCLC explant-mediated immunosuppression 
by Atezolizumab appeared dependent on the secretion of pro-

inflammatory cytokines from M cultures  

To further assess the role of Ms in mediating Atezolizumab response within the TME, 

supernatants were harvested from T cell co-cultures, as described above, following 6-

day treatment. A Human Macrophage/Microglia LEGENDplexTM fluorescence bead-

based immunoassay was used to measure (MFI; Fig. 6.11 and Appendix 6.8) and 

quantify (Appendix 6.9) the levels of M1- (IL-12p70; IL-12p40; TNF; IL-6; IL-1 IL-23; 

IFN CXCL10) and M2-like (IL-4; IL-10; arginase; CCL17; IL-1RA) M-associated 

soluble factors produced from treated T cell co-cultures. As such, explant only wells 

represented TAM- and TME-mediated soluble factor secretion from co-cultures.  
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Figure 6.11. Atezolizumab treatment significantly decreased arginase production from 

T cell co-cultures in the presence of TCMs 

Fresh NSCLC tissue and autologous CD14+ PBMCs were obtained from consented patients 

undergoing surgical resection. Tumour explants were co-cultured with patient CD14+ PBMCs 

(1x104) for 48 h in 10% RPMI medium to generate tumour-conditioned Ms (TCMs). Explant 

only wells were established to assess soluble factor secretion from tumour-associated Ms 

and other TME components. M cultures were treated with (+) or without (-) 250 g/mL 

Atezolizumab and immediately loaded with 5 g/mL viral peptide (VP) pool for 1 h. 

Autologous CD14- PBMCs (T cells) were cryopreserved until required, before being added to 

M co-cultures (1x105) or to medium (T cells Only) and incubated for 6 days. Supernatants 

were harvested for each condition following 6-day culture and frozen (-20̊C) until required. A 

Human Macrophage/Microglia LEGENDplexTM bead-based immunoassay was used to 

quantify the levels of 13 soluble factor targets released from the T cell co-culture system. 

LEGENDplexTM systems enable the fluorescence labelling and detection of targets in culture 

supernatants by flow cytometry. Data were analysed using LEGENDplexTM data analysis 

software and resultant mean fluorescence intensity (MFI) values for IL-12p70, IL-12p40, 

TNF, IL-6, IL-1, IL-23, IFN, CXCL10, IL-4, IL-10, arginase, CCL17, and IL-1RA were 

measured and normalised against T cell Only outputs. Significant differences in secretion of 

A) IL-10 and B) arginase were observed between experimental conditions. Secretion of all 

other factors remained unchanged (Appendix 6.8). Heatmaps represent differences within 

individual patients (4898; 4836; 2780; 5178) with green and red representing the lowest and 

highest MFI values, respectively ( ).The concentration (pg/mL) of 

each target present in culture supernatants was determined by comparing the MFI readout 

against 13 individual protein standards (Appendix 6.9). Statistical analyses were carried out 

by applying an ANOVA with Tukey’s post-hoc test. Data represent the mean MFI for each 

patient, with lines displaying the grand mean of the overall dataset. Statistically significant 

differences between all conditions are shown and marked as *p < 0.05; **p < 0.01; ***p < 

0.001. Data are pooled from four independent patient experiments (N=4).  

 

Presence (+) or absence (-) of Atezolizumab  
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When taking the treatment data from four independent patient explant experiments 

together, significant changes in the production of two factors from explant-conditioned 

cultures were observed following Atezolizumab treatment, compared to untreated T cell 

controls (T cells Only) (Fig. 6.11). IL-10 production from T cell cultures were 

significantly increased following Atezolizumab treatment in the presence of TCMs, 

compared T cells Only (Fig. 6.11A). However, IL-10 secretion from untreated and 

Atezolizumab-treated explant-conditioned M cultures was not significantly different, 

indicating that IL-10 may not be an Atezolizumab treatment-sensitive cytokine. In 

contrast, whilst untreated explant-conditioned Ms significantly increased arginase 

production from cultures, compared to untreated T cells, Atezolizumab actively reduced 

arginase secretion back to baseline (Fig. 6.11B). TAMs (‘+ Explant’ cultures) had no 

effect on M-related soluble factor secretion from T cell co-cultures in the presence or 

absence of Atezolizumab, potentially underpinned by TAMs constituting a minor 

component of explant tissue (Fig. 6.11). Due to large variation in patient tumour 

responses to Atezolizumab treatment, the average NSCLC secretome remained largely 

unchanged upon Atezolizumab treatment (Appendix 6.8). To summarise, whilst 

arginase was generally downregulated following Atezolizumab treatment of explant-

conditioned M cultures in all patient experiments, the data shown here demonstrate 

the mechanistic complexity and patient-specificity of Atezolizumab response and 

emphasise the importance of personalised treatment. As such, the effect of 

Atezolizumab on ex vivo cellular responses were assessed at an individual patient level 

from hereon in. 

Increased secretion of pro-inflammatory factors from explant-conditioned 

M co-cultures was measured during biological response to Atezolizumab 

treatment  

Clear differences in soluble factor secretion from Atezolizumab responder (R) and non-

responder (NR) cultures were observed when investigating the NSCLC secretome at 

an individual patient level (Fig. 6.12). Since patient samples were ran in duplicate, as 

recommended in the LEGENDplexTM protocol, no statistical analyses between 

treatment arms were performed. As seen previously, the secretion of all thirteen factors 

from explant-conditioned T cell cultures appeared largely unchanged in all patient 

experiments (Fig. 6.12). Changes in soluble factor secretion from T cell cultures 

containing explant-conditioned Ms appeared similar for the non-responders, in both 

the presence and absence of Atezolizumab. In contrast, differential secretion between 

Atezolizumab treatment groups were observed from responder (patient 4898) cultures. 

Interestingly, both pro-inflammatory factors (IL-6, IFN, and CXCL10) and anti-

inflammatory factors (IL-10, IL-4, and CCL17) were increased following Atezolizumab 
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treatment in responder cultures (Fig. 6.12). Secretion of arginase, an anti-inflammatory 

factor shown to be largely increased upon addition of Ms to explant cultures in 

Chapter 4, was decreased from responder T cell cultures containing explant-

conditioned M upon Atezolizumab treatment (Fig. 6.12K).  

In conclusion, explant-conditioned M co-cultures from an ex vivo responder increased 

secretion of the pro-inflammatory factors CXCL10, IL-6, and IFN in response to 

Atezolizumab treatment. These data, together with the findings of the above T cell 

assays, indicate that successful Atezolizumab responses in the TME are dependent on 

the significant alleviation of M2-mediated immunosuppression and the development of 

a pro-inflammatory M milieu. All secretome experiments should be repeated using 

technical triplicates to conclude the biological significance of the findings, and to further 

explore the relevance of arginase secretion in Atezolizumab response. 
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Figure 6.12. Explant-conditioned M co-cultures from an ex vivo responder increased 

secretion of pro-inflammatory factors: CXCL10, IL-6, and IFN in response to 

Atezolizumab treatment 

Fresh NSCLC tissue and autologous CD14+ PBMCs were obtained from consented patients 

undergoing surgical resection. Tumour explants were co-cultured with patient CD14+ PBMCs 

(1x104) for 48 h in 10% RPMI medium. Explant only wells were established to assess 

soluble factor secretion from tumour-associated Ms or other TME components. M cultures 

were treated with or without 250 g/mL Atezolizumab and immediately loaded with 5 g/mL 

viral peptide (VP) pool for 1 h. Autologous CD14- PBMCs (T cells) were cryopreserved until 

required, before being added to M co-cultures (1x105) or to medium (T cells Only) and 

incubated for 6 days. Supernatants were harvested for each condition following 6-day culture 

and frozen (-20̊C) until required. A Human Macrophage/Microglia LEGENDplexTM bead-

based immunoassay was used to quantify the levels of 13 soluble factor targets released 

from the T cell co-culture system. LEGENDplexTM systems enable the fluorescence labelling 

and detection of targets in culture supernatants by flow cytometry. Data were analysed using 

LEGENDplexTM data analysis software and resultant mean fluorescence intensity (MFI) 

values for A) IL-12p70, B) IL-12p40, C) TNF, D) IL-6, E) IL-1, F) IL-23, G) IFN, H) 

CXCL10, I) IL-4, J) IL-10, K) arginase, L) CCL17, and M) IL-1RA were measured and 

normalised against T cell Only outputs. Dotted lines represent T cells Only (data not shown). 

Data comparing the experimentally significant ex vivo Atezolizumab responder (R) to 

Atezolizumab non-responders (NR) are shown. T cell co-cultures with explants only (T cells 

+ Explant) and explant-conditioned Ms (T cells +Explant/M) were analysed separately. 

The concentration (pg/mL) of each target present in culture supernatants was determined by 

comparing the MFI readout against 13 individual protein standards (Appendix 6.9). 

Statistical analyses were not carried out since data represent mean ± SEM, calculated from 

technical duplicates (n=2). Data are representative of three independent patient experiments 

(N=3). 
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6.2.5 Alleviation of explant-conditioned M-mediated 
immunosuppression using immune-modifying agents did not 
significantly enhance Atezolizumab responses ex vivo 

To enable the future translation of these IMAs into the clinic, it is important to consider 

the ability of IMAs to reverse, rather than prevent, M-mediated T cell suppression, 

since Ms would often already be skewed into a dominant immunosuppressive state by 

the TME. The data from this thesis have suggested a dominant role of Ms in 

mediating patient response to the PDL-1 agent, Atezolizumab ex vivo. Therefore, this 

chapter next explored whether the alleviation, and subsequent reversion, of TCM-

mediated suppression of pro-inflammatory T cell responses using IMAs could improve 

T cell responses to immune-checkpoint inhibition within the lung TME. Such 

combination studies were performed in the explant-mediated immunosuppression 

model, as described above.  

Explant only wells were established to assess tumour-mediated immunosuppression, 

independent of exogenously added Ms. However, differences between TAM-

dependent and -independent mechanisms underlying explant-mediated 

immunosuppression, or response to IMAs and/or Atezolizumab treatment, could not be 

elucidated using this model. Instead, explant-conditioned Ms, added exogenously 

from autologous peripheral blood, were used to study IMA effects on Ms within the 

TME. To mimic the tumour-conditioned state of TAMs, Ms were cultured for 48 h with 

tumour explants to enable tumour-mediated M polarisation (as previously shown in 

Chapter 4). M cultures were treated with IMAs or Atezolizumab, alone or a 

combination, and loaded with VP prior to the addition of autologous patient T cells for 6 

days. The effect of IMAs on reprogramming TCM-mediated suppression of antigen-

specific T cell function was assessed by measuring IFN and TNF production from T 

cells by flow cytometry (Fig. 6.13).  
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Due to time constraints of the project, only the most promising agents in preliminary in 

vitro studies were tested in the explant-mediated immunosuppression model. The IMAs 

which significantly altered tumour-conditioned or M2-like M-mediated suppression of T 

cell responses are shown (Fig. 6.13 and Appendix 6.10). These IMAs included 

BLZ945, Zometa, and irradiated NIH3T3 CD40L cells, and were tested in independent 

Figure 6.13. Alleviation of explant-conditioned M-mediated immunosuppression using 

IMAs did not significantly enhance Atezolizumab responses ex vivo 

Fresh NSCLC tissue and autologous patient PBMCs were obtained from consented patients 

undergoing surgical resection (N=3). In total, three independent patients were used to 

generate explants for each of the three IMA experiments. Tumour explants were co-cultured 

with patient or healthy donor CD14+ PBMCs (1x104) for 48 h in 10% RPMI medium to enable 

M polarisation. Explant only wells were established to assess M-independent tumour 

immunosuppression. M cultures were then treated with immune-modifying agents (IMAs) or 

250 g/mL Atezolizumab, alone or a combination. IMA combination experiments included: A) 

BLZ945 (10 nM), B) Zometa (300 nM), and C) irradiated NIH3T3 CD40L or NIH3T3 WT (1:75 

NIH3T3 cells: CD14+ PBMCs). M cultures were incubated without IMAs or Atezolizumab to 

generate time-matched, untreated controls. Cultures were immediately loaded with 5 g/mL 

viral peptide (VP) pool or DMSO (unstimulated; ---- represents unstimulated T cells Only) for 

1 h. Patient CD14- PBMCs were cryopreserved until required, before being added to M co-

cultures (1x105) or to medium (T cells Only) and incubated for 6 days. IMAs were additionally 

added to T cell Only cultures to control for off-target effects of the IMAs on T cells. Cultures 

were re-stimulated with VP at day 6 to reactivate memory T cell responses. Intracellular 

cytokine staining of IFN and TNF levels in T cells was performed and analysed by flow 

cytometry. Percentage of double positive pro-inflammatory cytokine production (IFN+TNF+) 

from CD4+ T cells following 6 days explant co-culture. Experiments were performed in an 

entirely autologous patient system. Statistical analyses were carried out by applying a two-

way ANOVA with Bonferroni post-hoc test. Data given as a percentage of parent (live CD4+) 

gate and represent mean ± SEM, calculated from technical triplicates (n=3), with statistically 

significant differences between all conditions shown and marked as *p < 0.05; **p < 0.01; ***p 

< 0.001. Data represent three independent patient experiments (N=3). 
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autologous patient-derived explant experiments (N=3 independent patients, one patient 

per IMA experiment) (Fig. 6.13A-C). As seen previously, NIH3T3 CD40L cells highly 

expressed CD40L on their surface compared to NIH3T3 WT cells which had not been 

transfected to over-express human CD40L, prior to explant culture (data not shown). 

In all patient experiments, dominant CD4+ antigen-specific T cell responses were 

observed, and Atezolizumab alone did not significantly enhance pro-inflammatory T cell 

responses under any experimental condition (Fig. 6.13). BLZ945 and Zometa, when 

administered as monotherapies, were the only IMAs observed to significantly release 

explant-mediated suppression of antigen-specific CD4+ T cell responses in the 

presence of Ms, compared to untreated explant-conditioned M cultures (Fig. 6.13A-

B). These agents had no significant effect on pro-inflammatory cytokine production 

from T cell Only cultures and therefore, the results observed were not a result of off-

target effects on T cells. Interestingly, a parallel alleviation of M2-mediated suppression 

of T cell responses was not seen following BLZ945 and Zometa single agent treatment 

(Appendix 6.10), indicating that these IMAs may exert differing effects on TCMs, 

compared to M2-like control Ms. This is further supported by the observation that 

NIH3T3 CD40L cells significantly enhanced the proportion of IFN+TNF+-producing 

CD4+ T cells present in co-cultures conditioned by M2-like Ms, but not explants, 

explant-conditioned Ms, or T cells alone (Appendix 6.10 and Fig. 6.13C).  

Atezolizumab in combination with IMAs did not significantly enhance pro-inflammatory 

T cell responses in the TME ex vivo, in either the presence or absence on Ms, 

compared to the corresponding untreated or Atezolizumab-treated explant controls. 

Despite this, a trend of higher IFN and TNF production from CD4+ T cells was 

observed from explant-conditioned M co-cultures following Atezolizumab/Zometa and 

Atezolizumab/NIH3T3 CD40L cell combination treatment, compared to treatment with 

Atezolizumab alone. However, Atezolizumab/NIH3T3 CD40L cell combination 

treatment did not improve CD4+ T cell responses to levels above that of untreated 

cultures. Whilst the differences between these treatment conditions were not 

statistically significant, these findings hold promise for improving ICI response ex vivo, 

particularly using Zometa, following further optimisations of timings of IMA 

administration.  

In summary, using a novel patient-derived explant model, preliminary findings of this 

thesis revealed BLZ945 and Zometa to be promising IMAs capable of reprogramming 

tumour-mediated suppression of T cell functions within the lung TME. Unfortunately, 

due to limitations in patient sample collection, the complexity of the explant model, and 

the extent of inter-patient heterogeneity in T cell responses (in the presence and 
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absence of ICI/IMA treatment) observed in this study, the IMA experiments described 

in this section were underpowered. As such, it would be imperative to repeat all IMA 

experiments in a larger patient cohort in the future (including different lengths of 

treatment), to determine the reproducibility of the results. Additionally, future studies 

should explore the M reprogramming effect of IMAs on TAMs isolated from resected 

NSCLC tissue, to validate the clinical relevance of these findings.  

6.2.6 HLA-DQB1/DRB5/C, CXCL2, and MMP9 may represent a 
blood gene signature indicative of Atezolizumab response ex 
vivo 

The cellular mechanisms underlying immunotherapeutic response are inherently 

complex, and Ms may represent only one of many obstructions to successful immune-

checkpoint inhibition. As such, significantly improving ICI responses through targeting 

an individual mechanism of immunotherapeutic resistance may be extremely 

challenging. Instead, deciphering a predictive signature of ICI response may pave the 

way for personalised medicine approaches and more appropriate use of these agents 

in select patients. Intra-tumoral PDL-1 is currently the only approved marker of 

Atezolizumab response; however, expression of this marker alone in patient tumours 

does not accurately reflect the complex mechanisms underpinning ICI response in the 

TME(544, 545). As such, the final aim of this chapter was to identify transcriptomic immune 

signatures of ex vivo response in the entire TME using NSCLC clinical blood and tissue 

(tumour and stroma) samples.  

A preliminary, focused transcriptome-based search for tissue- and blood-based gene 

signatures which reflect successful NSCLC patient response to Atezolizumab, ex vivo, 

was performed using the NanoString PanCancer IO360 nCounter® gene expression 

panel. In brief, NSCLC patient tissue and peripheral blood samples were collected, and 

RNA extracted, prior to Atezolizumab T cell functional assays. Transcriptomic analysis 

was performed retrospectively by comparing the biological ex vivo responder (patient 

4898), to non-responders (patients 2780 and 4836). Differentially expressed mRNA 

transcripts in the tissue and blood of each patient were displayed using a heatmap with 

hierarchical clustering (Fig. 6.14A). Patient tissue (T) and blood (B) samples formed 

two distinct clusters, independent of ex vivo response to Atezolizumab, owing to the 

numerous biological differences between the different sample types. As such, patient 

tissue and blood samples were treated as independent datasets for future analyses.
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Figure 6.14. Differential gene expression in clinical samples from 

NSCLC patients may underpin ex vivo Atezolizumab response  

NSCLC patient tissue and peripheral blood samples were collected prior 

to Atezolizumab T cell function assays and focused transcriptome-

based analyses performed. Quantification of mRNA transcripts of 770 

onco-immune-related genes were performed using the NanoString 

PanCancer IO360 nCounter® gene expression panel with NanoString 

Technologies nSolverTM analysis software. A) Heatmap of differentially 

expressed mRNA transcripts in the tissue (T) and blood (B) of NSCLC 

patients observed to be experimentally significant ex vivo responders 

(R) or non-responders (NR) to Atezolizumab treatment. Red represents 

upregulated targets (z-score 1.00-3.00) and green represents 

downregulated targets (z-score -(1.00-3.00)). Hierarchical clustering 

was performed using Pearson Correlation similarity metric. Due to 

distinct clustering, tissue and blood samples were treated as 

independent datasets for future analyses. Linear ratios were manually 

calculated from the normalised NanoString raw count values to show 

expression changes between Atezolizumab NR (2780; 4836) and 

Atezolizumab R (4898) for four experimental groups: B(i) 2780T vs. 

4898T, B(ii) 4836T vs. 4898T, C(i) 2780B vs. 4898B, and C(ii) 4836B 

vs. 4898B. Fold changes were manually calculated from linear ratios. 

Venn diagrams demonstrating genes (i) upregulated and (ii) 

downregulated ≥2-fold in NSCLC B) tissue or C) blood samples of 

Atezolizumab NR vs. Atezolizumab R. Shared genes between 

Atezolizumab NR are shown in the tables. Of these shared genes, the 

top 10 upregulated and downregulated ≥2-fold in the B) tissue or C) 

blood of each Atezolizumab NR: (iii) 2780 and (iv) 4836, are shown as 

Waterfall plots. Data generated from transcriptomic analysis of tissue 

and blood samples from three independent patients (N=3), measured in 

technical singlet (n=1) as advised by the manufacturer. 
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Next, gene expression analysis was performed using the NanoString nSolverTM 

software. Differences in gene expression between non-responders and the responder 

were analysed and expressed as fold change. No statistical analyses were performed 

due to conditions being ran in singlet, as advised by NanoString Technologies. 

However, as described previously in Chapter 5, genes changes were thresholded at 2-

fold for future analyses. 72 and 114 genes were upregulated and downregulated by ≥2-

fold, respectively in 2780T compared to 4898T (Fig. 6.14B). Additionally, 71 and 104 

genes were upregulated and downregulated by ≥2-fold, respectively in 4836T 

compared to 4898T. Shared genes upregulated (25 genes (21.2%); Fig. 6.14B(i)) and 

downregulated (43 genes (24.6%); Fig. 6.14B(ii)) by ≥2-fold by both non-responders, 

may represent a preliminary tissue gene signature indicative of Atezolizumab response 

ex vivo (Fig. 6.14). Of these shared genes, the top 10 upregulated and downregulated 

≥2-fold in the tissue of each non-responder, 2780 (fold change range: -326.5 –38.1) 

and 4836 (fold change range: -255.4 – 35.0), were plotted (Fig. 6.14B(iii-iv)). S100A8; 

MAGEA3/A6; IFI27; CXCL13; TREM2 and DPP4; ICAM1; IDO1; HLA-DQB1; HLA-

DRB5 appeared in the top 10 shared upregulated and downregulated genes is the 

NSCLC tissue of non-responders, respectively (Fig. 6.14B(iii-iv)). The function of 

these genes are shown in Table 6.4. Genes relating to pro-inflammatory immune 

responses were both upregulated and downregulated in the tissue of non-responders, 

compared to the responder, indicating that ICI response may be more complicated than 

simply the existence of an immuno-supportive TME but rather, the specific cell types 

and mechanisms which underpin inflammatory responses (e.g. chemoattraction of T/B 

lymphocytes and neutrophils; maturation and survival of DCs) (Table 6.4).  
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Top 10 shared upregulated and downregulated genes is the NSCLC tissue  
of Atezolizumab non-responders 

Gene name  Function  

S100A8 
S100 Calcium Binding  

Protein A8 

Regulation of pro-inflammatory immune responses 
including induction of neutrophil chemotaxis and 
adhesion. 

MAGEA3/A6 
Melanoma-Associated  

Antigen 3/6 

Enhances activity of ubiquitin ligases (e.g. TRIM28), is 
associated with immune cell infiltration in the tumour 
microenvironment, and is an antigen which is recognised 
by cytotoxic T lymphocytes in a variety of cancers. 

IFI27 
Interferon Alpha Inducible  

Protein 27 

Involved in type-I interferon-induced apoptosis, has anti-
viral activity, and inhibits cell proliferation and invasion in 
some cancers. 

CXCL13 
C-C-C Motif Chemokine 

 Ligand 13 
Chemoattractant which promotes B lymphocyte migration. 

TREM2 
Triggering Receptor Expressed 

on Myeloid Cells 2 

Upregulated on myeloid cells in which signalling triggers 
production of pro-inflammatory cytokines from cells and 
promotes dendritic cell maturation/survival. 

DPP4 Dipeptidyl Peptidase 4 

A co-stimulatory glycoprotein receptor essential for T cell 
receptor-mediated T cell activation and induces T cell 
proliferation. 

ICAM1 
Intercellular Adhesion 

Molecule 1  

A cell adhesion molecule involved in leukocyte trans-
endothelial migration. Has been identified as an M1-
specific marker in this thesis.  

IDO1 
Indoleamine 2,3- 

Dioxygenase 1 

Catalyses the rate-limiting step in tryptophan catabolism 
and is involved in immunoregulation since depletion of 
tryptophan limits T cell proliferation and activates 
regulatory immune cells. However, was found to be highly 

upregulated in M1-like Ms in this thesis. 

HLA-DQB1 
Major Histocompatibility 

Complex, Class II, DQ Beta 1 

Belongs to a MHCII heterodimer, alongside DQA, which is 
upregulated on antigen-presenting cells. MHCII is involved 

in the presentation of peptides to CD4
+
 T cells and 

triggering pro-inflammatory immune response.  

HLA-DRB5 
Major Histocompatibility 

Complex, Class II, DR Beta 5 

Belongs to a MHCII heterodimer, alongside DRA, which is 
upregulated on antigen-presenting cells, particularly M1-

like Ms. MHCII is involved in the presentation of peptides 

to CD4
+
 T cells and triggering pro-inflammatory immune 

response, similar to HLA-DQ. 

 

Table 6.4. Function of the top 10 genes upregulated and downregulated ≥2-fold in the 

tissue of Atezolizumab non-responders  

NSCLC patient tissue samples were collected prior to Atezolizumab T cell function assays 

and focused transcriptome-based analyses performed using the NanoString PanCancer 

IO360 nCounter® gene expression panel. Data generated from transcriptomic analysis of 

tissue samples from two ex vivo Atezolizumab non-responders (N=2), and one ex vivo 

Atezolizumab responder (N=1). The function of the top 10 genes upregulated and 

downregulated ≥2-fold in the tissue of Atezolizumab non-responders are summarised in the 

table, based on information from the human gene database, GeneCards 

(https://www.genecards.org/). 

 

https://www.genecards.org/
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When performing independent transcriptomic analysis of NSCLC peripheral blood 

samples, a lower number and magnitude of expression changes were observed in 

general, compared to those detected in tissue samples. Specifically, 46 and 157 genes 

were upregulated and downregulated by ≥2-fold, respectively in 2780B compared to 

4898B (Fig. 6.14C). On the other hand, 37 and 52 genes were upregulated and 

downregulated by ≥2-fold, respectively in 4836B compared to 4898B. Shared genes 

upregulated (16 genes (23.9%); Fig. 6.14C(i)) and downregulated (48 genes (29.8%); 

Fig. 6.14C(ii)) by ≥2-fold by both non-responders may represent a preliminary blood 

gene signature indicative of Atezolizumab response ex vivo (Fig. 6.14). Of these 

shared genes, the top 10 upregulated and downregulated ≥2-fold in the blood of each 

non-responder, 2780 (fold change range: -15.1 – 3.4) and 4836 (fold change range: -

32.0 – 3.3), were plotted (Fig. 6.14B(iii-iv)). CD8B; CD28; CD8A; HLA-DPB1; HLA-

DOA and KIR3DL1; SAMSN1; ARG1; FCAR; IL1R2 appeared in the top 10 shared 

upregulated and downregulated genes is the NSCLC blood of non-responders, 

respectively (Fig. 6.14B(iii-iv)). The function of these genes are shown in Table 6.5. In 

the blood of ex vivo non-responders, genes relating to pro-inflammatory (CD8A/B; 

CD28; HLA-DO/P) and anti-inflammatory (KIR3DL1; SAMSN1; ARG1; IL1R2) immune 

responses were upregulated and downregulated, respectively (Table 6.5). However, it 

is important to note that FCAR, a gene encoding a myeloid cell-specific receptor which 

mediates anti-tumour immune responses, was largely downregulated in non-responder 

blood samples, compared to the ex vivo responder (Table 6.5). These data further 

support the above idea that a specific pro-inflammatory immune cell type and 

mechanism may underpin Atezolizumab response, rather than the presence of global 

inflammatory milieu in the tissue and blood of NSCLC patients. Future studies need to 

validate these findings in a larger patient cohort. 
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Top 10 shared upregulated and downregulated genes is the NSCLC blood of  
Atezolizumab non-responders 

Gene name  Function  

CD8B 
Cluster of differentiation 8 

Beta 

The CD8 antigen, expressed on cytotoxic lymphocytes, acts as 
a co-receptor with the T cell receptor to recognise peptides 
presented by MHCI molecules. This results in cytotoxic T cell 
elimination of infected/tumour cells. CD8B can only exist in a 
heterodimer with CD8A. 

CD28 Cluster of differentiation 28 

An immunogenic receptor present on T cells which is 
essential for T cell activation, proliferation, and survival, as 
well as pro-inflammatory cytokine production from these 
cells.  

CD8A 
Cluster of differentiation 8 

Alpha 

The CD8 antigen, expressed on cytotoxic T cells, acts as a co-
receptor with the T cell receptor to recognise peptides 
presented by MHCI molecules. This results in cytotoxic T cell 
elimination of infected/tumour cells. The functional co-
receptor exists as either a homodimer (two alpha chains) or 
heterodimer (one alpha and one beta chain). 

HLA-DPB1 
Major Histocompatibility 

Complex, Class II, DP Beta 1 

Belongs to a MHCII heterodimer, alongside DPA, which is 
upregulated on antigen-presenting cells. MHCII is involved in 

the presentation of peptides to CD4
+
 T cells and triggering 

pro-inflammatory immune response.  

HLA-DOA 
Major Histocompatibility 

Complex, Class II, DO Alpha 

Belongs to a MHCII heterodimer, alongside DOB, which is 
upregulated on antigen-presenting cells. MHCII is involved in 

the presentation of peptides to CD4
+
 T cells and triggering 

pro-inflammatory immune response.  

KIR3DL1 

Killer Cell Immunoglobulin Like 
Receptor, Three Ig Domains 
And Long Cytoplasmic Tail 1 

A receptor expressed on natural killer cells and a subset of T 
cells, which inhibits cytotoxic immune responses and 
successful killing of target (infected/cancer) cells.  

SAMSN1 
SAM Domain, SH3 Domain And 
Nuclear Localization Signals 1 

Negative regulator of adaptive immune responses, namely B 
lymphocyte activation and proliferation. 

ARG1 Arginase 1 

Competes with nitric oxide synthase for arginine, catalysing 
its hydrolysis into ornithine and urea. Arginase 1 activity has 
been associated with regulatory and Th2 immune responses, 

and is thought to be a marker of M2-like Ms. 

FCAR Fc Fragment Of IgA Receptor 

A receptor present on myeloid cells which mediates pro-
inflammatory immune responses to pathogens and/or cancer 
cells including phagocytosis and production of inflammatory 
mediators.  

IL1R2 Interleukin 1 Receptor Type 2 

A decoy receptor which competitively binds inflammatory 

mediators including IL-1 and IL-1, preventing their 
interaction with IL-1R1 and subsequent pro-inflammatory 
signalling.  

Table 6.5. Function of the top 10 genes upregulated and downregulated ≥2-fold in the 

blood of Atezolizumab non-responders  

NSCLC patient blood samples were collected prior to Atezolizumab T cell function assays and 

focused transcriptome-based analyses performed using the NanoString PanCancer IO360 

nCounter® gene expression panel. Data generated from transcriptomic analysis of blood 

samples from two ex vivo Atezolizumab non-responders (N=2), and one ex vivo Atezolizumab 

responder (N=1). The function of the top 10 genes upregulated and downregulated ≥2-fold in 

the blood of Atezolizumab non-responders are summarised in the table, based on information 

from the human gene database, GeneCards (https://www.genecards.org/). 

 

https://www.genecards.org/
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It is of importance to note that whilst gene signatures need to be readily detectable, 

gene expression changes which are not displayed in the shared top 10 may also be 

biologically relevant. Therefore, future studies need to investigate the significance of 

each of the shared gene candidates in a larger patient cohort in order to eliminate any 

patient-specific genes which are contributing false positive results to the tissue- and 

blood-based gene response signatures.  

To strengthen the above findings, this study set out to further identify a blood-based 

gene signature which would reflect gene changes in NSCLC tumour tissue, indicative 

of successful patient explant response to Atezolizumab, ex vivo. As such, shared 

genes which were upregulated or downregulated ≥2-fold in both NSCLC tissue and 

blood samples of non-responders, compared to the responder, were determined (Fig. 

6.15). This greatly refined the preliminary response signatures, resulting in 0 (0.0%) 

and 5 (5.8%) genes being found to be up- and down-regulated in the clinical samples 

of non-responders, respectively (Fig. 6.15A). The five shared genes downregulated ≥2-

fold included: HLA-DQB1, HLA-DRB5, HLA-C, CXCL2, and MMP9 (absolute mRNA 

counts for all three patients, with expression fold change values against the responder, 

shown in Fig. 6.15B). The relevance of these genes to ICI response will be explored 

later in this chapter (6.3 Discussion). Fold change decrease in gene expression ranged 

from 2.1 to 326.4, amongst all five genes. Whilst all candidates were readily detectable 

in responder samples at the RNA level, future studies should attempt to validate these 

markers at the protein level in these clinical specimens, to aid in understanding the 

biological significance of these markers as a predictive response signature.  
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Figure 6.15. Identifying a blood-based gene signature which may reflect a successful lung tumour response to Atezolizumab ex vivo 

NSCLC patient tissue (T) and peripheral blood (B) samples were collected prior to Atezolizumab T cell function assays and focused transcriptome-based 

analyses performed. Quantification of mRNA transcripts of 770 onco-immune-related genes were performed using the NanoString PanCancer IO360 nCounter® 

gene expression panel with NanoString Technologies nSolverTM analysis software. Linear ratios were manually calculated from the normalised NanoString raw 

count values to show expression changes between experimentally significant ex vivo non-responders (NR, 2780; 4836) and responder (R, 4898) to Atezolizumab 

treatment. Fold changes were manually calculated from linear ratios. A) Venn diagram demonstrating shared genes upregulated (0) or downregulated (5) ≥2-fold 

in both NSCLC tissue and blood samples of the Atezolizumab NR vs. R (2780 and 4836 vs. 4898). B) Absolute mRNA counts for: HLA-DQB1, HLA-DRB5, HLA-

C, CXCL2, and MMP9, normalised to endogenous positive controls and housekeeping genes, are plotted for each of three (N=3) patients. Fold change 

downregulation in gene expression given relative to the Atezolizumab R. mRNA counts were thresholded as present above the geometric mean of the 

endogenous negative controls (tissue, 17.6; blood, 14.1). Data represent the raw mRNA counts from tissue and blood samples of three independent patients 

(N=3), measured in technical singlet (n=1) as advised by the manufacturer. 
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The data presented in this thesis provide a rationale for further investigating a five gene 

signature shown to be readily detectable in NSCLC tissue and blood samples of an ex 

vivo Atezolizumab responder, but not non-responders. Validation of findings in a larger 

patient cohort would be imperative to ascertain the impact and significance of this gene 

signature. Specifically, future studies should determine the clinical as well as ex vivo 

biological relevance of these markers, in a validation cohort of NSCLC patients who 

have received Atezolizumab, and whose clinical response data are available.  

6.3 Discussion  

This chapter screened a panel of IMAs for their ability to reprogram the phenotype and 

immunosuppressive function of M2-like Ms and TCMs within the TME. The NSCLC 

explant system successfully modelled patient T cell responses to Atezolizumab and 

IMA treatments ex vivo. The findings of this study demonstrated the complexity of 

patient response to PDL-1 therapies, and the challenges associated with improving 

therapeutic efficacy.  

General limitations of the study 

This study is the first to elucidate the effect of Atezolizumab and IMAs on individual 

tumour and immune components within the TME, using a complex explant-mediated 

immunosuppression model. Despite the large breadth of these studies, these findings 

are not without limitations.  

High levels of inter-patient heterogeneity in drug response was observed in this study, 

making it difficult to reach conclusions regarding the extent of treatment efficacy. This, 

alongside the underpowered nature of experiments, as discussed above, severely 

limits the impact of the data. Experiments should be repeated using a greater number 

of patients, following further optimisation of IMA dosing times, to determine the 

reproducibility and biological relevance of this study’s findings.    

Additionally, it is evident that M2-polarised controls, used in preliminary IMA 

combination therapy experiments, did not truly reflect the polarisation and functional 

status of TCMs, potentially owing to the M2-like phenotype being an exaggerated state 

in vitro(332, 333). IMAs had a different effect on explant-conditioned M-mediated, 

compared to M2-like M-mediated, suppression of T cell responses ex vivo. Since 

heterotypic tumour spheroids and M2-like Ms may under- and over-represent tumour-

mediated immunosuppression, respectively, this study further describes the superiority 

of the explant model in recapitulating the dynamic tumour-immune interactions which 

underpin therapeutic efficacy within the lung TME.  
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Unveiling mechanisms which regulate signalling through the PD-1/PDL-1 
axis 

PDL-1-expressing M1-like Ms have been associated with the significant promotion of 

pro-inflammatory T cell functions in previous chapters (Chapter 3 and Chapter 4). 

Therefore, it could be argued that the intrinsic anti-tumour functions of M1-like Ms 

more dominantly regulate T cell activity than PDL-1-dependent mechanisms, which 

appeared to weakly contribute to immunosuppression, in vitro. Similar findings have 

been described by Singhal et al.(546). On the contrary, the findings of this chapter 

showed that PDL-1 blockade significantly reduced M1-induced pro-inflammatory T cell 

responses in ex vivo non-responder experiments, indicating that PDL-1 may even have 

an immune-supportive role in pro-inflammatory M function. Previous studies have 

described a decrease in M2 markers (IL-10; arginase-1) and increase in M1 markers 

(iNOS; MHCII; CD40; IL-12; TNF) in myeloid cells following PDL-1 inhibition(547, 548). 

However, monocytes cultured in glioma-conditioned medium expressed high levels of 

PDL-1, which could be increased following addition of the anti-inflammatory cytokine, 

IL-10 (549). Therefore, further investigations into the mechanisms which regulate PDL-1 

expression, and signalling through the PD-1/PDL-1 axis, in Ms and other immune 

populations, may help clarify its role in determining patient response to Atezolizumab.  

Moreover, CD80 can interact with both CD28 and CTLA-4 to promote immune 

activation or suppression, respectively. Studies have shown that PDL-1 can bind to 

CD80 ‘in cis’, on the same cell but not ‘in trans’, between two different cells(550). As 

such, blockade of PDL-1 by Atezolizumab would release any PDL-1-CD80 interactions, 

freeing CD80 to bind with its corresponding receptors, CD28 or CTLA-4, on effector 

cells. Since CTLA4 was more highly expressed in the tissue of patient 2780 (NR) than 

CD28, it is likely that immunosuppressive CD80/CTLA-4 signalling would be more 

dominant. This would likely override any immune activation achieved following 

inhibition of the PD-1/PDL-1 axis, either through direct PDL-1 blockade effects, or 

through indirect recovery of CD80/CD28 signalling. Future studies are required to 

better understand the in cis and in trans interactions between different B7 family 

members within the TME and to fully elucidate the crucial immunosuppressive 

compensatory mechanisms which currently limit immunotherapeutic efficacy in the 

clinic.   

M1-like Ms within the tumour microenvironment: a double edged sword 
for immunotherapeutic response 

It is of major importance to consider the translatability of IMAs into the clinic. In this 

chapter, the M2 prevention and reversion models were taken forward for further 

assessment following preliminary polarisation assays. Whilst M2 prevention agents 



Chapter 6: Modelling patient response to immunotherapeutic drugs and immune-modifying agents 

374 
 

may minimise the development of further immunosuppressive TAMs, they would not be 

capable of releasing existing M-dependent suppression of effector T cell functions 

within the TME. However, in the lung TME, Ms are often be skewed into a dominant 

immunosuppressive state and consequently, the study of agents which would reverse 

existing M2- or TCM-mediated immunosuppression within the TME would be of 

greatest clinical relevance, and was the focus of tumour explant studies.  

A high abundance of TAMs within the TME has been associated with poor patient 

prognosis in most human cancers, and has been observed to restrict Atezolizumab 

response through PD-1/PDL-1-dependent and independent mechanisms(173, 218, 219, 224, 

231, 551-554). It is well established M1-like and M2-like TAMs actively promote and 

suppress pro-inflammatory, anti-tumour T cell responses, respectively, independent of 

PD-1/PDL-1 axis blockade (via release of pro/anti-inflammatory cytokines )(224, 553). 

However, the Fc receptors present on both M1- and M2-like TAMs can also directly 

remove PD-1/PDL-1 antibodies from tumour cells and T cells, releasing immune-

checkpoint blockade(231, 553). In addition, M1-like TAMs also commonly express PDL-1, 

CD80, and CD86 in response to IFN signalling in the TME(219, 554). These ligands can 

bind immune-checkpoint receptors (PD-1 and CTLA-4) and restrict anti-tumour CD8+ T 

cell activity, in PDL-1-dependent and -independent manners(219, 554). Interestingly, 

blockade of each of these components have led to improved response to PDL-1 

therapy in several solid cancer models(173, 218). Therefore, it is evident that both M1- and 

M2-like TAMs play major roles in preventing successful T cell responses in the TME 

PDL-1 blockade, potentially explaining the limited effect of M2-targeted IMAs in 

enhancing Atezolizumab response observed in this chapter.  

Temporal changes in transcriptomic and secretome profiles may underpin 
Atezolizumab response 

This study was the first to identify MMP9 and CXCL2 as potential baseline combined 

tissue and blood signatures indicative of lung tumour response to Atezolizumab, ex 

vivo. MMPs have been strongly associated with tumour invasion and disease 

progression through degradation of ECM components within the TME(555). Additionally, 

both MMP9 and CXCL2 have been related to the development of an 

immunosuppressive myeloid cell milieu through recruiting MDSCs into the tumour(556, 

557). Interestingly, previous transcriptomic response signature studies revealed MMP9 

and CXCL2 to be significantly downregulated in metastatic breast cancer cells and 

patient blood, respectively following Atezolizumab treatment(555, 558). Additionally, 

CXCL2 RNA levels were significantly reduced in the blood of NSCLC patients following 

PD-1 therapy(559). Therefore, successful Atezolizumab response is likely, in part, 
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underpinned by the release of MMP9- and CXCL2-mediated suppression of cytotoxic T 

cell responses by this agent(556). 

However, these results do not aid in explaining the higher baseline MMP9 and CXCL2 

levels observed in NSCLC samples from the ex vivo Atezolizumab responder, 

compared to non-responders, described in this chapter. It could be hypothesised that 

high expression levels are required at baseline to enable successful Atezolizumab-

mediated release of MMP9/CXCL2-induced immunosuppression following treatment. 

This demonstrates the importance of assessing clinical transcriptomic signatures 

before and after drug treatment; an avenue of research meriting future investigation. 

However, future studies need to be performed to confirm this hypothesis and eliminate 

the contribution of inter-patient variation, independent of responder status, to these 

findings.  

Moreover, whilst these data support the idea that ICI response is dependent on the 

presence of immunosuppressive myeloid cells, as shown in this thesis, further studies 

are required to interrogate the mechanisms by which PD-1 and PDL-1 agents 

promote a downregulation of MMP9 and CXCL2 expression. 

When assessing the effect of PDL-1 treatment on soluble factor secretion from T cell 

co-cultures, this study found that Atezolizumab significantly reduced arginase secretion 

from explant-conditioned cultures, only in the presence of Ms. These findings are in 

keeping with previous studies where PDL-1 treatment led to decreased secretion of 

arginase-1 from TAMs(547, 548). In this thesis however, the same findings were observed 

from both responder and non-responder cultures, indicating that, whilst PDL-1 agents 

may actively alter arginase signalling, other factors are involved in promoting durable 

patient response. In contrast, pro-inflammatory factors (IL-6, IFN, and CXCL10) and 

anti-inflammatory factors (IL-10, IL-4, and CCL17) were increased following 

Atezolizumab treatment from responder cultures. These results again indicate a M-

dominant role in mediating response to ICIs. In particular, previous studies have 

showed PDL-1 agents capable of upregulating pro-inflammatory factor (CXCL10; IL-6; 

IFN; iNOS; CD40) expression in TAMs(547, 548). These pro-inflammatory factors are 

likely to promote cytotoxic lymphocyte accumulation and anti-cancer immune 

responses. However, Atezolizumab has also been observed to induce a transient 

reduction in IL-6 secretion in some studies(560, 561). 

Such temporal differences in soluble factor secretion may, in part, explain the increase 

in immunosuppressive factors observed from explant-conditioned M co-cultures 

following Atezolizumab treatment in this chapter. Therefore, future research needs to 

explore the dynamic changes in soluble factor secretion from ICI-treated cultures over 
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time. Overall, these data largely suggest that effective T cell response to Atezolizumab 

within the TME is not simply underpinned by a global increase in M1-like, and decrease 

in M2-like, M-associated factors. Although predominantly M2-like, TCMs have been 

observed to possess intermediate M phenotypes in previous chapters and therefore, it 

is not surprising that immunotherapeutic response is mediated by both pro- and anti-

inflammatory factors. As such, response to Atezolizumab is likely a result of changes in 

various important tumour-associated soluble factors, as well as in M marker 

expression relating to polarisation and function. Whether these soluble factors actively 

contribute to Atezolizumab response, or whether their signalling is altered as a result of 

PD-1/PDL-1 axis blockade, could not be concluded from this study.  

Previous studies have observed that M-derived CXCL9 and CXCL10 are critically 

required for ICI-mediated anti-tumour immune responses(562). These chemokines aid 

the recruitment of cytotoxic T cells to the TME, and inhibition of these factors prevented 

TIL-mediated destruction of cancer cells and successful immunotherapeutic 

response(562, 563). However, since basal secretion of CXCL10 from untreated explant-

conditioned M co-cultures was high for one non-responder (patient 2780), it is unlikely 

that the presence of this factor alone was sufficient to promote effective Atezolizumab 

response in our hands. Therefore, it could be inferred that CXCL10 signalling is 

increased as a result of Atezolizumab response. Additional prospective studies, 

exploring the precise role of these soluble factors in influencing patient responses to 

Atezolizumab treatment, are warranted in a larger patient cohort.  

Remodelling the immunosuppressive myeloid cell milieu using immune-
modifying agents 

Recent studies have alluded to PDL-1 expression on leukocytes, rather than on tumour 

cells, being essential for durable response to immune-checkpoint blockade(218, 544, 564, 

565). Given the high abundance of TAMs within the TME, which dominantly promote 

localised suppression of effector T cell responses through PDL-1-dependent and -

independent mechanisms, these cells have been the subject of therapeutic targeting in 

recent years, in an attempt to enhance therapeutic efficacy(218, 554).  

This study screened a panel of IMAs for their ability to reprogram the phenotype and 

immunosuppressive function of M2-like Ms and TCMs within the TME. Interestingly, 

Tasquinimod successfully reversed M2-like polarisation by skewing Ms into an MU-

like state. These data support previous findings which showed that Tasquinimod was 

capable of rapidly reprogramming the TME through decreasing the number of CD206+ 

M2-like Ms, and increasing the number of CD86+ MHCII+ Ms infiltrating colon cancer 

xenografts, following 24 h treatment(532). Whilst Tasquinimod has been observed to 
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reduce suppressive myeloid cell function in vivo(530, 531), limited in vitro M functional 

studies have been performed using this agent.  

In contrast, NIH3T3 CD40L cells were able to prevent, but not reverse, M2-like M 

polarisation by promoting an MT-like state. Interestingly, however, these cells were the 

only IMA treatment which were capable of reprogramming the immunosuppressive 

function of M2-like Ms, ex vivo. Whilst Kuen et al.(240) found CD40 and TLR8 

ligands/agonists capable of releasing PCa- conditioned M-mediated suppression of T 

cell proliferation, the soluble form of CD40L was not observed to activate pro-

inflammatory T cell responses (IFN/TNF production) in our hands. This could, in part, 

be a result of differing T cell outputs (fitness vs. function) being measured between the 

two studies. However, mCD40L, but not sCD40L, was capable of significantly 

enhancing pro-inflammatory cytokine production from M2-like Ms in this chapter. This 

is in agreement with previous studies that showed trimerized CD40L at the cell 

membrane of T-helper cells to be a more potent activator of CD40 on APCs, than its 

soluble monomer, upon cleavage at the cell membrane(526, 528, 566). CD40-mCD40L 

engagement promotes APC-mediated activation of cytotoxic T cells and downstream 

anti-tumour immunity(240, 526, 527, 543). Additionally, elevated serum sCD40L levels have 

been associated with the development of an immunosuppressive myeloid cell milieu in 

cancer patients(566), potentially explaining the discrepancies between sCD40L and 

mCD40L, observed in this chapter.  

This thesis revealed Zometa and BLZ945 as the only agents capable of successfully 

releasing explant-conditioned M-mediated T cell suppression. Due to these explant-

based IMA assays being underpowered, findings need to be validated in a larger 

patient cohort in the future to enable accurate conclusions to be reached.  

ZA, also known as Zometa, has been shown to impair tumour-mediated M2-like M 

polarisation in pre-clinical in vitro and in vivo studies; however, data concerning its role 

in altering immunosuppressive M functions remains limited and controversial(335, 533-535, 

567). In particular, Wolf et al.(535) showed that the treatment of human myeloid cells with 

ZA, in vitro, inhibited TNF production from immature DCs and Ms, and reduced the 

phagocytic ability and effector T cell activation mediated by these cells. In contrast, in 

an in vivo breast cancer model, treatment of mice with ZA resulted in a marked 

reduction in the number of TAMs within the TME and subsequent levels of anti-

inflammatory factors, VEGF and IL-10, from these cells(534). Conflicting findings may be 

a result of differences between the simplistic in vitro, and complex in vivo, models used 

for drug testing. This chapter details, for the first time, the ability of Zometa to release 

TCM-mediated suppression of effector CD4+ T cell functions ex vivo. The findings of 
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this thesis indicate that the ex vivo explant model is a clinically-relevant humanised 

system capable of recapitulating the complex interactions between multiple cell types 

within the TME, similar to that seen with in vivo models. Future studies need to explore 

the role of Zometa in modulating M-mediated cytotoxic CD8+ T cell responses, ex 

vivo.  

Moreover, the CSF-1R inhibitor, BLZ945 was previously shown to reduce M2-like 

marker expression (CD206; CD163) on NSCLC spheroid-conditioned Ms following 6 

days treatment(239). Differences in IMA treatment length used in polarisation 

experiments may explain the conflicting results observed in this thesis. However, whilst 

Rebelo et al.(239) eluded to BLZ945 mediating M2- to M1-like M polarisation, the ratios 

of specific M populations (M1/MU/MT) present following treatment were not assessed 

and therefore, this conclusion is not entirely accurate. Additionally, the ability of 

BLZ945 to reverse TCM-mediated immunosuppression was not assessed, limiting the 

impact of their findings in relation to the overall TME. Interestingly, this chapter 

revealed BLZ945 capable of successfully releasing explant-conditioned M-mediated T 

cell suppression in the lung TME ex vivo. Similarly, in a murine model of pancreatic 

cancer, CSF-1R blockade reduced the number of immunosuppressive TAMs in the 

tumour, as well as the expression of immunosuppressive molecules (PDL-2; arginase-

1; TGF) in TAMs, leading to improved anti-tumour T cell responses to 

immunotherapeutic intervention(224). This, together with the findings of this thesis, 

indicate the importance of assessing M function, as well as phenotype, when 

determining IMA efficacy.  

Finally, a lack of methodological standardisation for M polarisation and function 

assays used to measure IMA efficacy in pre-clinical models may underpin the minimal 

M2 reprogramming effects observed with additional agents including: PSB0788, 

MCC950, ODN2006, and Ampligen, in this chapter. Additionally, a limitation of the data 

produced in this chapter is that the expression of IMA target proteins in M2-like Ms 

prior to treatment were not assessed. Differential expression of IMA targets on M 

subsets could, in part, explain the large inter-donor variability, and lack of effective M2 

reprogramming, observed with some IMAs in preliminary polarisation and suppression 

assays. Future polarisation studies should include monitoring of IMA target expression 

in M populations over a longer treatment time-course, to better elucidate their 

reprogramming effects.  
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Predictive transcriptomic signatures and biomarkers of immune-
checkpoint inhibitor response 

Currently, PDL-1 is the only approved biomarker for stratifying patients into those who 

are likely to respond to ICIs. However, assessment of PDL-1 levels by IHC is not 

without its limitations, since expression has been observed to vary by site of tumour 

lesion assessed, and over the time-course of the disease(568). Additionally, whilst 

diagnostic assays have been developed for PDL-1 assessment prior to treatment with 

PD-1 (Nivolumab; Pembrolizumab) or PDL-1 (Atezolizumab; Durvalumab; 

Avelumab) therapies, each assay uses different antibodies and exhibits different PDL-1 

positivity thresholds(568-570). Furthermore, PDL-1 alone does not accurately reflect the 

complex mechanisms underpinning ICI response in the TME(544, 545). As such, several 

biomarker strategies and transcriptomic signatures for better predicting therapeutic 

efficacy to ICIs in NSCLC are currently under investigation. In brief, tumour mutational 

burden (genetic alterations) and various tumour- and immune-related factors have 

been of major focus for biomarker development in recent years(210, 568, 571). Additionally, 

the development of less invasive blood-based biomarkers of ICI response, remains a 

rapidly evolving field. This thesis is the first to identify HLA-DQB1/DRB5/C, CXCL2, 

and MMP9 as a potential blood-based gene signature, indicative of Atezolizumab 

response ex vivo.  

Interestingly, previous studies have identified HLA molecules (HLA-DOA specifically) 

corresponding to a peripheral T cell tumour signature predictive of durable response to 

PD-1 therapy(571). In this chapter I identified three HLA molecules: HLA-DQB1, HLA-

DRB5, and HLA-C as potential predictors of ex vivo response to the PDL-1 agent, 

Atezolizumab, indicating the potential association between ex vivo response in the 

explant model, and in situ response in the clinic. The ability of the explant-mediated 

suppression model to predict ICI response in the clinic needs to be explored in future 

prospective studies. Whilst MHCII is a known marker of activated helper (CD4+) T cells, 

it is often readily expressed by M1-like Ms and tumour cells, with recent studies 

reporting its requirement for successful anti-tumour immune responses(572, 573). 

Specifically, CD4+ T cells can exert anti-tumour immunity through directly binding 

MHCII-expressing tumour cells, or indirectly binding MHCII-expressing TAMs(572, 573). 

However, HLA-DR, corresponding to MHCII, expression on cytotoxic T lymphocytes 

has also been associated with improved tumour response to neoadjuvant 

chemotherapy in breast cancer studies, through increased production of IFN and 

granzyme B from HLA-DR+ T cells(574). Therefore, since the nCounter® technology 

system does not allow for single-cell resolution, the cell-specific expression of HLA 
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molecules could not be concluded in this study. Such avenues should be investigated 

in the future.  

Conclusion 

In conclusion, this study was the first to develop a patient-derived explant model of 

NSCLC to successfully study cellular immune responses to PDL-1 blockade and IMAs, 

ex vivo. This chapter revealed Zometa and BLZ945 as promising IMAs capable of 

reprogramming tumour-mediated suppression of T cell functions within the lung TME. 

Moreover, a positive trend in improved CD4+ T cell responses was observed from 

explant-conditioned M co-cultures following Atezolizumab/Zometa combination 

treatment, compared to treatment with Atezolizumab alone. These findings hold 

promise for improving ICI response using IMAs, ex vivo, but experiments will need to 

be repeated using a larger patient cohort in the future, to determine the reproducibility 

of these results.  

This study also demonstrated that the explant model was capable of recapitulating 

dynamic signalling through the PD-1/PDL-1 axis, and the complex interactions which 

occur between different cell types. The presence of additional B7 family members in 

clinical NSCLC samples was assessed to determine the immunosuppressive 

compensatory mechanisms which may limit response to PDL-1 blockade, ex vivo. 

Interestingly, successful T cell responses to Atezolizumab appeared dependent on the 

successful release of M2-mediated immunosuppression. Together, this study explored 

the role of immunosuppressive myeloid cells in promoting durable Atezolizumab 

responses, ex vivo, and the potential challenges associated with targeting this immune 

cell population, when attempting to improve immunotherapeutic efficacy in the clinic. 

Future directions include assessing the applicability of this explant response model to 

different tumour types, and its ability to monitor the toxicity and efficacy of ICI/IMA 

combination approaches.  
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6.4 Appendix 

 

 

Appendix 6.1. NIH3T3 WT cells and IFN have limited toxicity in CD14+ and CD14- 

PBMC cultures  

The optimal concentration of nine immune-modifying agents (IMAs) in preventing or 

reversing M2-like M polarisation was assessed using two-marker flow cytometry analyses, 

as shown in Fig. 6.2. A) The effect of different NIH3T3 WT cells ratios, and IFN treatment 

on 2 day CD14+ PBMC (4x104) viability, as well as 6 day CD14+ (1x104) and CD14- (1x105) 

PBMC viability, was assessed using the OranguTM cell viability assay (OD is directly 

proportional to the number of live cells, as described in Materials and Methods) in the 

absence of M2-promoting cytokines. In brief, 100 L IMA-treated CD14+ cell suspension was 

incubated with 10 L OranguTM Cell Counting Solution for 4 h (37̊C, 5% CO2). Absorbance 

(optical density; OD) at 450 nm was measured using a PHERAstar FS Microplate plate 

reader. Statistical analyses were not carried out since data represent mean ± SEM, 

calculated from technical duplicates (n=2). Data are representative of two independent 

healthy donor experiments (N=2). B) The expression of CD40L on NIH3T3 CD40L cells, 

before and after irradiation, was determined at T=0, prior to M culture. #15 primary 

mesothelioma cells were used as an additional CD40L negative biological control. Statistical 

analyses were carried out by applying a Mann-Whitney U test on NIH3T3 CD40L 

experimental arms. Data given as a percentage of parent (live cells) gate and represent 

mean ± SEM, calculated from N=5 biological replicates, with statistically significant 

differences between ± irradiation treatment shown and marked as *p < 0.05; **p < 0.01; ***p 

< 0.001. Data are pooled from up to five independent healthy donor experiments (N=5). 
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Appendix 6.2. The baseline polarisation effects of IMAs on unstimulated M marker 

expression 

A) The treatment workflow for baseline M polarisation experiments. In brief, 4x104 CD14+ 

PBMCs were incubated with immune-modifying agents (IMAs) for 48 h prior to harvesting 

and the flow cytometry assessment of CD14+ cells. IFN treatment was used as an M1-

polarising control and CD14+ PBMCs were incubated without IMAs or IFN to generate time-

matched, untreated controls. The percentage of B) CD206 high, C) CD64 high, D) CD23 

high, E) CD163 high, F) CD200R, and G) PDL-1 high cells were analysed by flow cytometry. 

Statistical analyses were carried out by applying an ANOVA with Dunnett’s post-hoc test. 

Data given as a percentage of parent (live CD14+) gate and represent mean ± SEM, 

calculated from technical triplicates (n=3), with statistically significant differences compared 

to the untreated controls (48 h media control Ms) marked as *p < 0.05; **p < 0.01; ***p < 

0.001. Data are representative of three independent healthy donor experiments (N=3).  
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Appendix 6.3. Preventing M2 polarisation using IMAs: assessment of marker 

expression 

The treatment workflow for prevention of M2 polarisation experiments. In brief, 4x104 CD14+ 

PBMCs were simultaneously incubated with immune-modifying agents (IMAs) and M2-

polarising cytokines (IL-4, IL10, and IL-13) for 48 h (simultaneous treatment and polarisation) 

prior to harvesting and the flow cytometry assessment of CD14+ cells. IFN treatment was 

used as an M1-polarising control and CD14+ PBMCs were incubated without IMAs or IFN to 

generate time-matched, untreated controls. The percentage of B) CD206 high, C) CD64 

high, D) CD23 high, E) CD163 high, F) CD200R, and G) PDL-1 high cells were analysed by 

flow cytometry. Statistical analyses were carried out by applying an ANOVA with Dunnett’s 

post-hoc test. Data given as a percentage of parent (live CD14+) gate and represent mean ± 

SEM, calculated from technical triplicates (n=3), with statistically significant differences 

compared to the untreated controls (48 h M2 control Ms) marked as *p < 0.05; **p < 0.01; 

***p < 0.001. Data are representative of three independent healthy donor experiments (N=3).  
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Appendix 6.4. Preventing M2 polarisation through pre-treatment with IMAs: 

assessment of marker expression 

The treatment workflow for prevention of M2 polarisation experiments following pre-

treatment with immune modifying agents (IMAs). In brief, 4x104 CD14+ PBMCs were 

incubated with IMAs for 48 h prior to the addition of M2-polarising cytokines (IL-4, IL10, and 

IL-13). CD14+ cells were harvested following a further 48 h culture (delayed polarisation) and 

analysed by flow cytometry. IFN treatment was used as an M1-polarising control and CD14+ 

PBMCs were incubated without IMAs or IFN to generate time-matched, untreated controls. 

The percentage of B) CD206 high, C) CD64 high, D) CD23 high, E) CD163 high, F) 

CD200R, and G) PDL-1 high cells were analysed by flow cytometry. Statistical analyses 

were carried out by applying an ANOVA with Dunnett’s post-hoc test. Data given as a 

percentage of parent (live CD14+) gate and represent mean ± SEM, calculated from 

technical triplicates (n=3), with statistically significant differences compared to the untreated 

controls (96 h M2 control Ms) marked as *p < 0.05; **p < 0.01; ***p < 0.001. Data are 

representative of three independent healthy donor experiments (N=3).  
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Appendix 6.5. Reversing M2 polarisation using IMAs: assessment of marker 

expression 

The treatment workflow for reversion of M2 polarisation experiments. In brief, 4x104 CD14+ 

PBMCs were incubated with M2-polarising cytokines (IL-4, IL10, and IL-13) for 48 h to 

generate M2-like Ms, prior to treatment with immune-modifying agents (IMAs). CD14+ cells 

were harvested following a further 48 h treatment and analysed by flow cytometry. 

IFN treatment was used as an M1-polarising control and CD14+ PBMCs were incubated 

without IMAs or IFN to generate time-matched, untreated controls. The percentage of B) 

CD206 high, C) CD64 high, D) CD23 high, E) CD163 high, F) CD200R, and G) PDL-1 high 

cells were analysed by flow cytometry. Statistical analyses were carried out by applying an 

ANOVA with Dunnett’s post-hoc test. Data given as a percentage of parent (live CD14+) gate 

and represent mean ± SEM, calculated from technical triplicates (n=3), with statistically 

significant differences compared to the untreated controls (96 h M2 control Ms) marked as 

*p < 0.05; **p < 0.01; ***p < 0.001. Data are representative of three independent healthy 

donor experiments (N=3).  
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Appendix 6.6. Confirmation of successful IMA reprogramming of M2 polarisation 

underpins TNF readouts from Ms 

TNF production from ‘prevent M2’ and ‘reverse M2’ M cultures, treated with immune-

modifying agents (IMAs), or IFN as a positive M1-polarising control, were analysed by flow 

cytometry following 1 h LPS (500 ng/mL) stimulation, as shown in Fig. 6.8. Following 

treatment, Golgi Plug (1 L/mL) and Golgi Stop (0.7 L/mL) reagents were added for 4 h 

before myeloid cells were harvested and intracellular cytokine staining of TNF was 

performed. A) The percentage of M2-like Ms (CD206hiCD64lo) present in CD14+ cell 

cultures, and TNF production from such cultures, were determined simultaneously to 

ensure IMA treatment was effective. B) TNF production from M1- and M2-like Ms 

(‘prevent M2’: 48 h controls; ‘reverse M2’: 96 h controls) were analysed by flow cytometry to 

confirm the success of the assay. Statistical analyses were carried out by applying a two-

way ANOVA with Bonferroni post-hoc test. Data given as a percentage of parent (live 

CD14+) gate and represent mean ± SEM, calculated from technical triplicates (n=3), with 

statistically significant differences compared to A) the untreated M2 controls (‘prevent M2’: 

48 h M2 control; ‘reverse M2’: 96 h M2 control) or B) all conditions marked as *p < 0.05; **p 

< 0.01; ***p < 0.001. Data represent three independent healthy donor experiments (N=3).  
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Appendix 6.7. Assessment of Atezolizumab toxicity 

The effect of Atezolizumab treatment on 6-day cultured whole PBMC (2x105) viability was 

assessed using the OranguTM cell viability assay (OD is directly proportional to the number of 

live cells, as described in Materials and Methods) in the absence of M2-promoting cytokines. 

The toxicity of 0, 1, 5, 25, 125, and 625 g/mL Atezolizumab was tested. In brief, 90 L 

Atezolizumab-treated whole PBMC cell suspension was incubated with 10 L OranguTM Cell 

Counting Solution for 3 h (37̊C, 5% CO2). Absorbance (optical density, OD) at 450 nm was 

measured using a PHERAstar FS Microplate plate reader. Statistical analyses were carried 

out by applying a two-way ANOVA with Bonferroni post-hoc test. Data represent mean ± 

SEM, calculated from technical triplicates (n=3), with statistically significant differences 

compared to the untreated controls for each donor (0 g/mL) marked as *p < 0.05; **p < 

0.01; ***p < 0.001. Data represent three independent healthy donor experiments (N=3). 
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Appendix 6.8. The NSCLC secretome remains largely unchanged upon Atezolizumab 

treatment   

Fresh NSCLC tissue and autologous CD14+ PBMCs were obtained from consented patients 

undergoing surgical resection. Tumour explants were co-cultured with patient CD14+ PBMCs 

(1x104) for 48 h in 10% RPMI medium. Explant only wells were established to assess 

soluble factor secretion from tumour-associated Ms or other TME components. M cultures 

were treated with (+) or without (-) 250 g/mL Atezolizumab and immediately loaded with 5 

g/mL viral peptide (VP) pool for 1 h. Autologous CD14- PBMCs (T cells) were 

cryopreserved until required, before being added to M co-cultures (1x105) or to medium (T 

cells Only) and incubated for 6 days. Supernatants were harvested for each condition 

following 6-day culture and frozen (-20̊C) until required. A Human Macrophage/Microglia 

LEGENDplexTM bead-based immunoassay was used to quantify the levels of 13 soluble 

factor targets released from the T cell co-culture system. LEGENDplexTM systems enable the 

fluorescence labelling and detection of targets in culture supernatants by flow cytometry. 

Data were analysed using LEGENDplexTM data analysis software and resultant mean 

fluorescence intensity (MFI) values for all 13 factors were measured and normalised against 

T cell Only outputs. Significant differences in secretion of IL-10 and Arginase were observed 

between experimental conditions (Fig. 6.11). Secretion of A) IL-12p70, B) IL-12p40, C) 

TNF, D) IL-6, E) IL-1, F) IL-23, G) IFN, H) CXCL10, I) IL-4, J) CCL17, and K) IL-1RA 

remained unchanged. The concentration (pg/mL) of each target present in culture 

supernatants was determined by comparing the MFI readout against 13 individual protein 

standards (Appendix 6.9). Statistical analyses were carried out by applying an ANOVA with 

Tukey’s post-hoc test. Data represent the mean MFI for each patient, with lines displaying 

the grand mean of the overall dataset. Statistically significant differences between all 

conditions are shown and marked as *p < 0.05; **p < 0.01; ***p < 0.001. Data are pooled 

from four independent patient experiments (N=4).  
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Cytokine/chemokine concentration (pg/mL) 

 IL-12p70 

Atezolizumab   4898 4836 2780 5178 

- 

T cells Only <0.50 <0.50 <0.50 <0.50 

+ Explant <0.50 <0.50 0.64 <0.50 

+ Explant/M <0.50 <0.50 <0.50 <0.50 

+ 
+ Explant <0.50 <0.50 0.65 <0.50 

+ Explant/M <0.50 <0.50 <0.50 <0.50 
 IL-12p40 

Atezolizumab   4898 4836 2780 5178 

- 

T cells Only <0.94 <0.94 <0.94 1.62 

+ Explant <0.94 <0.94 <0.94 <0.94 

+ Explant/M <0.94 <0.94 <0.94 1.10 

+ 
+ Explant <0.94 <0.94 <0.94 <0.94 

+ Explant/M <0.94 <0.94 <0.94 <0.94 
 TNF 

Atezolizumab   4898 4836 2780 5178 

- 

T cells Only <1.20 1.21 1.71 3.52 

+ Explant <1.20 <1.20 1.95 <1.20 

+ Explant/M <1.20 <1.20 1.58 1.58 

+ 
+ Explant <1.20 <1.20 1.62 <1.20 

+ Explant/M <1.20 <1.20 1.35 1.31 
 IL-6 

Atezolizumab   4898 4836 2780 5178 

- 

T cells Only 56.70 301.35 33.67 398.26 

+ Explant 17636.64 17525.41 23237.59 19318.45 

+ Explant/M 9692.70 18887.90 18673.50 19562.94 

+ 
+ Explant 17067.41 19068.63 18571.99 20245.49 

+ Explant/M 18763.41 18204.76 17805.12 19439.41 
 IL-1 

Atezolizumab   4898 4836 2780 5178 

- 

T cells Only 4306.78 4281.39 3174.85 16134.15 

+ Explant 6814.84 5440.14 9906.45 16140.48 

+ Explant/M 6126.78 7803.59 10094.08 18697.51 

+ 
+ Explant 6483.46 7378.41 6981.32 14786.10 

+ Explant/M 9832.05 8581.91 6964.54 17719.74 

Appendix 6.9. Quantification of the LEGENDplexTM Human Macrophage/Microglia 

targets present in supernatants from explant-conditioned T cell functional 

experiments  

The concentration (pg/mL) of 13 soluble factors (IL-12p70, IL-12p40, TNF, IL-6, IL-1, IL-

23, IFN, CXCL10, IL-4, IL-10, arginase, CCL17, and IL-1RA) present in explant-conditioned 

supernatants following 6-day culture with T cells ± Ms was determined by comparing the 

MFI readout against 13 individual protein standards. Raw MFI readouts shown in Fig 6.11, 

Fig. 6.12, and Appendix 6.8. Data were analysed using LEGENDplexTM data analysis 

software. Data demonstrate quantification from four independent patient experiments (N=4).  
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 IL-23 

Atezolizumab   4898 4836 2780 5178 

- 

T cells Only <0.66 <0.66 <0.66 <0.66 

+ Explant <0.66 0.69 <0.66 <0.66 

+ Explant/M 0.69 <0.66 <0.66 1.12 

+ 
+ Explant <0.66 0.69 <0.66 0.73 

+ Explant/M <0.66 0.69 <0.66 0.90 
 IFN 

Atezolizumab   4898 4836 2780 5178 

- 

T cells Only <0.53 212.47 113.23 3.32 

+ Explant 0.62 105.40 150.66 1.55 

+ Explant/M 1.13 18.65 209.30 78.56 

+ 
+ Explant <0.53 4.51 184.58 1.76 

+ Explant/M 3.67 40.01 48.44 12.67 
 CXCL10 

Atezolizumab   4898 4836 2780 5178 

- 

T cells Only 7.99 175.87 17.26 150.02 

+ Explant 124.65 570.79 1890.04 69.01 

+ Explant/M 9.98 577.67 3042.40 870.18 

+ 
+ Explant 93.47 45.56 2753.93 347.37 

+ Explant/M 505.82 252.43 1792.60 491.78 
 IL-4 

Atezolizumab   4898 4836 2780 5178 

- 

T cells Only <1.09 <1.09 1.12 <1.09 

+ Explant <1.09 <1.09 48.8 1.44 

+ Explant/M <1.09 <1.09 1.23 <1.09 

+ 
+ Explant <1.09 <1.09 25.09 <1.09 

+ Explant/M 14.63 <1.09 3.24 <1.09 
 IL-10 

Atezolizumab   4898 4836 2780 5178 

- 

T cells Only <1.09 1.675 1.18 1.77 

+ Explant 2.95 3.44 3.96 2.74 

+ Explant/M 1.73 17.03 8.12 8.31 

+ 
+ Explant 2.25 6.94 12.31 2.92 

+ Explant/M 7.67 15.35 2.25 11.83 
 Arginase 

Atezolizumab   4898 4836 2780 5178 

- 

T cells Only 3663.90 3923.90 2346.75 3975.41 

+ Explant 3052.86 3285.92 2346.46 2819.79 

+ Explant/M 5712.62 4302.11 4212.98 5670.56 

+ 
+ Explant 3281.82 4009.60 3213.26 3699.80 

+ Explant/M 3065.94 4111.30 2734.19 4192.40 
 CCL17 

Atezolizumab   4898 4836 2780 5178 

- 
T cells Only 2.63 54.78 2.88 23.64 

+ Explant 27.39 103.56 398.56 48.91 
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+ Explant/M 6.77 162.76 81.40 81.81 

+ 
+ Explant 77.22 82.19 162.88 72.87 

+ Explant/M 77.42 139.01 72.81 159.06 
 IL-1RA 

Atezolizumab   4898 4836 2780 5178 

- 

T cells Only <2.22 2.60 <2.22 3.10 

+ Explant 9.63 27.91 11.98 7.48 

+ Explant/M 10.89 35.48 23.52 11.08 

+ 
+ Explant 7.62 47.61 22.01 4.87 

+ Explant/M 10.72 50.59 19.09 12.54 

 

 

Appendix 6.10. Alleviation of M2-like M-mediated immunosuppression using IMAs  

Fresh patient PBMCs were obtained from consented NSCLC patients undergoing surgical 

resection (N=3). Patient CD14+ PBMCs (1x104) were incubated with M2-polarising cytokines 

to generate M2-like M controls for 48 h in 10% RPMI. M cultures were then treated with 

immune-modifying agents (IMAs) or 250 g/mL Atezolizumab, alone or a combination. IMA 

combination experiments included: A) BLZ945 (10 nM), B) Zometa (300 nM), and C) 

irradiated NIH3T3 CD40L or NIH3T3 WT (1:75 NIH3T3 cells: CD14+ PBMCs). M cultures 

were incubated without IMAs or Atezolizumab to generate time-matched, untreated controls. 

Cultures were immediately loaded with 5 g/mL viral peptide (VP) pool or DMSO 

(unstimulated; ---- represents unstimulated T cells Only) for 1 h. Patient CD14- PBMCs were 

cryopreserved until required, before being added to M co-cultures (1x105) or to medium (T 

cells Only) and incubated for 6 days. IMAs were additionally added to T cell Only cultures to 

control for off-target effects of the IMAs on T cells. Cultures were re-stimulated with VP at 

day 6 to reactivate memory T cell responses. Intracellular cytokine staining of IFN and 

TNF levels in T cells was performed and analysed by flow cytometry. Percentage of double 

positive pro-inflammatory cytokine production (IFN+TNF+) from CD4+ T cells following 6 

days co-culture was assessed. Experiments were performed in an entirely autologous 

patient system. Statistical analyses were carried out by applying a two-way ANOVA with 

Bonferroni post-hoc test. Data given as a percentage of parent (live CD4+) gate and 

represent mean ± SEM, calculated from technical triplicates (n=3), with statistically 

significant differences between all conditions shown and marked as *p < 0.05; **p < 0.01; 

***p < 0.001. Data represent three independent patient experiments (N=3). 
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7 General discussion  

7.1 Brief summary   

The development of an immunosuppressive TME, namely the presence of M2-like 

immunosuppressive Ms in high abundance, presents an obstacle for effective 

immunotherapeutic intervention. However, the lack of humanised preclinical models 

which faithfully recapitulate the dynamic tumour-immune interactions which occur in 

NSCLC prevents the accurate study of immunotherapeutic response and tumour-

extrinsic mechanisms of resistance. Therefore, this study aimed to establish a patient-

derived explant system to study the role of TCMs in limiting efficacious responses to 

ICIs in the lung TME, ex vivo.  

 

Modelling M plasticity in the tumour microenvironment 

This study demonstrates the superiority of the explant model, over the heterotypic 

spheroid model, in recapitulating the complexity of tumour-immune interactions and 

immunosuppressive nature of the lung TME. Importantly, I showed that IFN and LPS 

treatment reverses explant-mediated M2-like skewing, demonstrating the high 

phenotypic plasticity of Ms in the TME. Using two-marker CD64/CD206 and 

B2M/CD206 approaches, the former of which I optimised at the beginning of this 

project, demonstrates the importance of simultaneous multi-marker analyses for 

 

The four main findings of this study are as follows: 

1) NSCLC explants, but not traditional heterotypic spheroids, significantly 

promote M2-like M polarisation (CD206hiCD64lo cells; defined using a 

novel two-marker combination approach) and suppress T cell functions 

(IFN and TNF production) ex vivo. 

2) Transcriptomic profiling of M subsets revealed B2M as a novel M1-

specific M marker, which could be used in combination with CD206 as a 

superior signature for defining M1, M2, and intermediate M populations, in 

vitro.  

3) TCMs significantly contribute to the development of an immunosuppressive 

lung TME; alleviation of M2-like/explant-conditioned M-mediated 

immunoinhibition in the presence of Atezolizumab (PDL-1) improved 

effector T cell responses and ICI efficacy, ex vivo. 

4) The human explant model has the potential to predict ICI outcomes and 

study ICI/IMA combination regimes, to identify the most efficacious 

treatment combinations, in a personalised manner.   
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assessing dynamic immune cell populations, particularly Ms and their diverse 

phenotypic/functional states. 

One of the strengths of this study was the ability to assess the heterogenous 

polarisation and functional status of TCMs in the lung TME, using a patient-derived 

explant model. Results from preliminary IMA treatment experiments revealed that 

BLZ945 and Zometa exert different reprogramming effects on explant-conditioned Ms, 

compared to M2-like Ms. These findings indicate the artificiality of the exaggerated 

M2-like state achieved with extreme polarising cytokines, and further indicate the 

superiority of the explant model as a drug testing platform. A current area of 

unexplored research includes deciphering the M2 reprogramming effect of IMAs on 

localised pre-educated TAMs, rather than explant-conditioned peripheral blood myeloid 

cells. TAMs isolated from resected NSCLC tissue would be the most biologically- and 

clinically-relevant cell type to study. However, in our hands, the quantity of TAMs that 

could be successfully isolated from this tumour type, and probably from other solid 

tumours as well, was extremely limited. Instead, Ms in malignant pleural effusions that 

exhibit weak anti-tumour activities, and possess a high phenotypic/functional plasticity, 

have been found at high frequencies, and are a promising source of localised 

TAMs(575). These effusions are additionally rich in soluble factors which influence M 

functions, and so constitute important components of the TME. Moreover, it does not 

require the mechanical or enzymatic dissociation of solid tumour tissue to obtain TAMs, 

which has previously been associated with alterations in the presence and function of 

proteins expressed by these cells in some cases(576).  

As expected, high levels of inter-patient heterogeneity in immune infiltrates and drug 

responses were observed ex vivo, making it difficult to conclude the extent of treatment 

efficacy. Determining the specific cellular contributions of various microenvironmental 

components to Atezolizumab response, in a larger patient cohort, could be an 

imperative future avenue of research, and is the major drawback of explant modelling 

to date.  

Another limitation is the current use of existing M1- and M2-like M markers, and their 

inability to be translated into an in vivo model for pre-clinical studies(395, 404). M1- and 

M2-polarised Ms in vitro are not equivalent to classically activated or alternatively 

activated Ms, respectively, in vivo(395). As such, the utility of novel markers for defining 

M1 and M2 M subsets both in vitro and in vivo needs to be explored prior to their 

applicability in a clinical setting. Whilst Huang et al.(404) performed preliminary validation 

studies of the novel interferon-inducible M1 candidate, IFIT1, in healthy donor human 

PBMCs-derived Ms in vitro, and in atherosclerotic mouse Ms in vivo, no study has 
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fully elucidated the translatability and function of novel M1- and M2-specific markers in 

both human and mouse systems. Future avenues of research should include 

interrogating the novel M subset-specific markers, described in this thesis, in tissue 

(TAMs) and blood (MDMs) samples from a large NSCLC patient cohort, as well as in 

different types of human cancers and in vivo models. 

As an example, TGM2, a gene encoding a transglutaminase, has previously been 

defined as an IL-4-stimulated, M2-like M marker at the RNA and protein level in both 

mouse and human Ms, compared to unstimulated M controls(473). However, 

expression was not exclusive to Ms, with high levels also being detected in monocytes 

from clinical blood samples(473). Therefore, not only do the preliminary findings of this 

thesis need to be further explored in cancer patient-derived MDMs and tissue-resident 

TAMs, but their contribution to M-specific phenotypes and functions needs to be 

confirmed. In addition, the global transcriptomics and proteomics analyses performed 

by Martinez et al.(473) were only performed on the M2a M subset at a single time point. 

Whilst the M2 control Ms used in this thesis incorporated multiple M2 subtypes, the 

specificity of novel targets identified in this study need to be explored in diverse M 

subsets (M2a/M2c subset specificity) at multiple time points (temporal specificity) in the 

future.  

Clinical translatability of the explant-mediated suppression model for 
predicting immunotherapeutic response  

To date, Atezolizumab has been approved for the second-line treatment of locally 

advanced stage IIIB/IV or metastatic NSCLC patients following failure of first line 

platinum-based therapies(577) (based on OAK (NCT02008227)(578) and POPLAR 

(NCT01903993)(579) clinical trials). Additionally, this agent has recently been approved 

for the first-line treatment of metastatic, chemotherapy-naïve NSCLC patients, following 

the successful outcomes of the IMpower110 study (NCT02409342)(580). Despite 

patients being selected for Atezolizumab treatment based on exhibiting high tumour 

PDL-1 levels, the objective response rate to this drug has been reported as 14%. This 

thesis describes a similar 16.7% (1/6) patient response rate to Atezolizumab, ex vivo. 

Therefore, the preliminary findings of this study need to be validated in a larger patient 

cohort in order to obtain enough biological responders to reach significant conclusions 

and study mechanisms of response.  

This study required a substantial amount of tissue for explant experiments, more than 

could be obtained from biopsy of late-stage patients, and therefore, resectable early-

stage lung tumours were the primary focus. Interestingly, similar immune changes 

which promote cancer progression in late-stage NSCLC, have also been observed in 
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early-stage patients, such as localised immunosuppression and high TAM densities(581). 

Understanding the mechanisms underpinning early immune changes in NSCLC is an 

understudied area of research. However, implementation of therapeutic intervention 

earlier on in the disease process could beneficially impact patient outcomes. Therefore, 

this thesis used a patient-derived explant model of early-stage NSCLC to study 

immune changes which underpin therapeutic response to Atezolizumab, ex vivo. Whilst 

early results from clinical trials using Atezolizumab in a (neo)adjuvant setting have 

appeared promising (NCT02927301; NCT03456063), PDL-1 blockades have not yet 

been approved for the treatment of surgically resectable, early-stage NSCLC patients. 

Therefore, a major caveat of this work is the lack of clinical response data to support 

pre-clinical findings since the presence of a cellular response ex vivo does not 

necessarily equate to therapeutic response in the patient. Future research should look 

to validate the ex vivo findings of this study through obtaining tumour material and 

supporting clinical data from early-stage NSCLC patients involved in Atezolizumab 

clinical trials. Such findings would reinforce the utility of the explant model as a tool for 

predicting immunotherapeutic response in the clinic.  

It is likely that patient response to ICIs is not exactly linear but consists of a 

heterogenous array of responses with differing underlying mechanisms. Whilst studies 

often use machine learning approaches to derive linear boundaries of ICI response vs. 

non-response(582), based on tumour biology/biomarkers and clinical factors, the 

accurate prediction of immunotherapeutic efficacy in the clinic is an area of major 

controversy. The development of drug prediction algorithms which stratify patients into 

intermediate response categories might reduce the number of false-positive 

responders treated with ICIs in the clinic. As such, the patient-derived explant model 

has potential for use as a personalised drug prediction platform due to its ability to 

accurately recapitulate the heterogenous and dynamic cellular interactions within the 

TME which often underpins therapeutic efficacy. However, it is important to note that a 

caveat of the current explant model is its limited capacity to reflect the (intra-patient) 

heterogeneity across the tumour as a whole. Establishing parallel explant models using 

material from different sites of a single tumour would improve the validity and 

translatability of the explant model as a drug prediction platform.  

Utilisation of the explant-mediated suppression model for combination 
therapy testing: assessment of toxicity and efficacy 

This study screened a panel of IMAs for their ability to reprogram the phenotype and 

immunosuppressive function of M2-like Ms within the TME. The NSCLC explant 

system was able to successfully model patient T cell responses to both Atezolizumab 

and IMA treatments, ex vivo. Our results demonstrated BLZ945 and Zometa as 
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promising IMAs capable of reprogramming tumour-mediated suppression of T cell 

functions within the lung TME. However, in order to observe consistent synergistic or 

additive effects of a wide array of drugs in combination with Atezolizumab, I would have 

needed access to a large number of patients and tumour materials. Nevertheless, my 

preliminary findings (from an Atezolizumab ex vivo non-responder) demonstrate that 

the model is capable of detecting the functional consequences of treatment 

combinations. Again, samples from known responders to ICI would have been 

necessary to demonstrate potential synergistic combination effects. 

Whilst pre-clinical pancreatic, breast, colon, and lung cancer studies have shown that 

TAM targeting using IMAs can successfully improve CD8+ T cell responses to PD-1 

and CTLA-4 therapies, in vivo, the combined toxicity of these agents have yet to be 

fully explored pre-clinically due to the lack of clinically-relevant models(173, 218, 224). 

Additionally, the use of Atezolizumab in combination with CTLA-4 or PD-1 agents 

has yet to be fully explored in the clinic. Therefore, future studies need to examine the 

ability of the explant-mediated immunosuppression model to predict durable response 

to additional immunotherapeutic agents, ex vivo, in a variety of cancer types. If 

successful, this model could act as a useful platform for the pre-clinical testing of 

immunotherapeutic agent efficacy and toxicity when investigating IMA and/or ICI 

combination approaches, and allow for better stratification of patients to specific drug 

regimens.  

7.2 Future directions 

Spatial profiling of the tumour microenvironment to improve predictive 
biomarker selection 

The stratification of NSCLC patients into PDL-1 treatment groups, based on their 

likelihood to respond to immune-checkpoint inhibition, is commonly based on detection 

of intra-tumoral PDL-1 levels by IHC(544, 545, 568, 569, 583). This study revealed high levels of 

PD-1 and PDL-1 mRNA in tissue samples from NSCLC patients as a potential 

mechanism underlying response to Atezolizumab ex vivo. However, future histological 

assessment of these B7-family molecules in patient tissue sections should be 

performed to validate the molecular findings. Additionally, PDL-1 can be expressed by 

both tumour cells and APCs. Previous studies have shown that, whilst high PDL-1 

expression by both immune cells and tumour cells are independently predictive of 

favourable clinical responses to Atezolizumab, the underlying causes of expression 

and response-driven mechanisms are different(544). In particular, PDL-1 expression in 

immune cells has been shown to be induced by IFN released from tumour-infiltrating 

effector T cells(544, 584-586), resulting in an inhibition of pro-inflammatory T cell responses. 
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As such, improved responses to Atezolizumab have been observed in patients whose 

tumours contain high numbers of cytotoxic TILs(544, 587).  

In contrast, high expression of PDL-1 by tumour cells is reflective of an epigenetic 

dysregulation of CD274 (PDL-1), resulting in the promotion of pro-tumour immunity(544). 

However, the presence of activated T cells within the TME is required for ICI treatment 

to be successful. In each instance, blockade of the PD-1/PDL-1 axis using PDL-1 

agents can successfully restore anti-tumour immune responses(544). Interesting future 

avenues of research would include identifying the cellular compartments in which the 

PDL-1 signal is located in individual patient tumours, using a Digital Spatial Profiling 

Technology (also available from NanoString Technologies) or mass spectrometry 

imaging approaches, in order to better understand the contribution of tumour cells and 

immune cells to localised T cell suppression and Atezolizumab response. Such studies 

would enable a better comprehension of the dynamic interactions which occur between 

different B7 family members, and underpin compensatory mechanisms of pro-tumour 

immunity within the TME.   

Temporal monitoring of predictive biomarkers throughout disease 
management  

The development of minimally-invasive blood-based biomarkers predictive of effective 

immunotherapeutic response remains a rapidly evolving field. The findings of this study 

identified HLA-DQB1/DRB5/C, CXCL2, and MMP9 as a potential blood-based 

transcriptional signature, indicative of Atezolizumab response ex vivo. How this 

transcriptomic signature changes over time (disease progression) or in response to 

(neo)adjuvant therapy would be extremely interesting to explore in a large patient 

cohort receiving ICI therapy. 

Additionally, in some instances, target gene expression was detectable, but low. 

Therefore, studies comparing the transcriptomic signatures, defined in this thesis, and 

parallel protein IHC analysis needs to be performed to determine whether gene 

expression translates into functional protein, and to establish an appropriate expression 

cut-off. In general, determining the best methodology for assessing response 

biomarkers in the clinic, as well establishing standardisation guidelines for positivity 

thresholds (or denoting intermediate response groups, as discussed earlier), would 

vastly improve precision medicine approaches in the field of immuno-oncology(210, 588). 

Finally, the findings of this study should be validated in other cancer types known to be 

highly immune cell infiltrated to determine whether the tissue and blood gene signature 

signatures are applicable in a wider tumour context. Gene signatures should be 

confirmed to be cancer-specific through parallel comparisons with healthy non-

cancerous samples, where possible. ICI treatment of melanoma patient-derived 
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explants would be of interest to explore in the future since healthy and neoplastic tissue 

are easily accessible from the same patient, and this cancer type has been observed to 

be highly immunogenic and susceptible to PD-1/PDL-1 axis blockade(589). 

Prolonging the duration and viability of ex vivo culture  

The maintenance of an air-liquid interphase (ALI) and ex vivo lung perfusion has been 

used in previously lung cancer and respiratory infection studies to better model the 

physiological conditions, in situ(251, 261). These systems promote a constant re-

circulation of oxygen- and nutrient-rich medium to lung tissues ex vivo. Such systems 

have shown improved viability, tissue architecture, and epithelial cell differentiation of 

cultured lung tissues. Additionally, maintenance of an ALI has also been associated 

with the improved propagation and survival (1-3 months) of a variety of patient-derived 

tumour organoid-explant hybrids (lung, skin, and renal), as well as the maintenance of 

the native stromal compartments (immune cells and CAFs) of the TME, which is 

otherwise not achieved using traditional organoid culturing techniques(590). As such, the 

use of NSCLC explant ALI platforms would be an interesting area of future exploration 

in an attempt to improve the long-term health, TME composition, and culturing 

capabilities of the patient-derived lung cancer explant model(590). Additionally, immune 

cell function has not been studied in such ALI models, making these a novel platform 

for the pre-clinical study of tumour-immune interactions in NSCLC. 

Future questions 

This study also presents new questions for consideration, that have not been 

addressed in this thesis, including: 

• Is M2- and TCM-mediated suppression of T cell responses in the explant model 

underpinned by differing levels of antigen-presenting machinery (MHCI/II; B2M) 

available on Ms to present peptides? 

• What are the mechanisms by which M2- and TCM-mediated 

immunosuppression are released in the presence of Atezolizumab treatment ex 

vivo, and how does this modulate effective ICI response? 

• How does the temporal and spatial plasticity of the lung TME affect or alter T 

cell responses to the various treatment regimens, ex vivo? This does not only 

refer to ICI treatment, as discussed above, but additional IMA treatment 

regimens or combination approaches.  

The evolution of explant-based analyses of tumour-immune interactions is needed in 

order to better understand these, and many other, questions surrounding the dynamic 

functioning of the lung TME. 
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Concluding remarks  

In summary, I have developed a novel patient-derived explant model of NSCLC to 

study M polarisation and function ex vivo. The results of this study demonstrate that 

TCMs significantly contribute to the development of an immunosuppressive lung TME 

and that successful alleviation of effector T cell functions by Atezolizumab is partially 

M-dependent. Overall, the findings indicate the NSCLC explant model as a potential 

tool for predicting patient response to PDL-1 immunotherapy, and exploring 

combination therapies, ex vivo. Such a tool may speed up decision making for 

personalised treatment combinations, in cancers amenable to immune-checkpoint 

inhibition.  
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