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Investigating the role of innate lymphoid cells in targeted 

radiotherapy in lung cancer 

Shaun Png 

Summary 

  Radiotherapy is a mainstay of lung cancer treatment, and its role in regulating immune responses 

to promote anti-cancer response is increasingly appreciated. However, it is still not fully understood 

how radiotherapy modulates the immune microenvironment in lung cancer. In the lung, ILC2s are 

critical innate lymphocytes that modulate Type 2 immunopathology, but their role in modulating the 

immune response to lung cancer is not fully understood. Furthermore, it is unclear how ILC2s 

respond to targeted lung radiotherapy. In this thesis, I characterised the response of ILC2s to lung 

radiotherapy and elucidate their response alongside the general immune response in targeted 

radiotherapy to lung cancer. Finally, I aimed to establish a model to study the role of ILC2s in 

modulating the adaptive immune response in the primary lung cancer context.  

  I established a model of targeted lung irradiation using a preclinical treatment platform known as 

the Small Animal Radiation Research Platform (SARRP) and monitored immune responses. In the 

naïve setting, targeted lung irradiation was observed to deplete ILC2s in the long term, but this was 

not observed in the majority of immune cells studied. Irradiated ILC2s expressed the activation 

marker OX40L, though this was not accompanied by increased production of Type 2 cytokines. In the 

tumour setting, ILC2s also express OX40L but do not appear to contribute to anti-tumour immunity. 

Probing the overall immune response to targeted lung radiotherapy in the tumour context 

demonstrated the importance of both the innate and adaptive immune response in radiotherapy-

induced anti-tumour immunity. Dendritic cells (DCs) and adaptive CD4+ and CD8+ T-cells were 

activated and are crucial for anti-tumour immune responses. Innate NK cells are also important as 

their depletion reduced the effectiveness of radiotherapy. 

  To study the role of ILC2s in the regulation of adaptive immune responses in cancer, I validated an 

inducible antigen-expressing cassette and confirmed its functionality both in vitro and in vivo. 

Expression of the antigen by tumour cells elicited adaptive CD4+ and CD8+ T-cell responses. I have 

also derived primary lung cancer cell lines to be used in combination with the cassette and 

demonstrate their capacity to engraft in the lung upon orthotopic implantation. Further work is 

needed to refine the orthotopic model of primary lung cancer, and to incorporate the cassette into 

the cell line. This could then be used alongside ILC2-deficient mouse models to study the role of 

ILC2s in modulating the adaptive immune response in lung cancer.  
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Chapter 1: General introduction 

1.1 Lung cancer  

1.1.1 Epidemiology of lung cancer  

  Lung cancer is the most common cancer and the leading cause of cancer deaths in the world, with 

2.1 million new cases and 1.8 million deaths reported in 2018 (Bray et al. 2018). Furthermore, lung 

cancer contributes to a sixth of all cancer deaths (Sung et al. 2021). In 2020, there were 

approximately 370,000 and 100,000 deaths from lung cancer in Europe and the USA respectively 

(Sung et al. 2021). Despite advances in recent years in lung cancer treatments, the 5-year survival 

rate in the US has remained low at about 15-20% in the last decade, with developing countries 

displaying even lower survival rates (Bray et al. 2018). Notably, the majority of lung cancer 

incidences are diagnosed only after metastasis has taken place, thereby contributing to lower 

survival rates (Cronin et al. 2018), highlighting the need for improvements in early detection. 

  The importance of environmental factors in lung cancer development cannot be overstated, and 

tobacco smoking remains the largest risk factor for lung cancer (Wild et al. 2015; Stanaway et al. 

2018). In high-income countries, efforts to reduce smoking rates were fundamental in reducing lung 

cancer incidences and improved survival, but this is less so in low-income countries in part due to 

reduced healthcare access and public initiatives (Thai et al. 2021). Other factors associated with lung 

cancer incidences include, but are not limited to, age, sex, race and socioeconomic status, air 

pollution, genetics and diet and these have been extensively reviewed elsewhere (Bade and Dela 

Cruz 2020).   

  Lung cancer can be broadly characterised into 2 subtypes; non-small cell lung cancer (NSCLC) and 

small cell lung cancer (SCLC). NSCLC accounts for approximately 85% of lung cancer cases, with SCLC 

encompassing the remaining 15% (Lemjabbar-Alaoui et al. 2015). NSCLCs can be further 

characterised into 3 distinct subtypes; lung adenocarcinoma (LUAD), lung squamous cell carcinoma 

(LUSC) and large cell carcinoma (LCC), with LUAD being the most common type of lung cancer. SCLC 

is the most aggressive subtype of lung cancer, and patients observe a 5-year survival rate of less than 

7 years (Karachaliou et al. 2016). 

  Table 1 compares some key traits of both lung cancer types. While the staging of both cancer 

subtypes slightly defer, severity in both cases is in part determined by the spread to the other lung 

lobes, lymph nodes and distant organs. Smoking remains the main risk factor for both cancer types 

(Lemjabbar-Alaoui et al. 2015). This is particularly true for SCLC, where most diagnosed patients are 
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heavy (10-20 pack years) or former smokers (Alexandrov et al. 2016). The cell of origin of SCLC 

remains unknown, with neuroendocrine progenitors being the most likely candidate (Sutherland et 

al. 2011). Adenocarcinomas and squamous cell carcinomas are postulated to derive from alveolar 

Type 2 epithelial cells expressing surfactant protein C (SPC) (Mainardi et al. 2014) and tracheal basal 

cell progenitors (Rock et al. 2009) respectively, while LCC describes lung cancer bearing no 

resemblance to previously stated lung cancer types (Pelosi et al. 2015) 

  SCLCs present with large numbers of genetic alterations. This includes mutations facilitating the 

overexpression of oncogenes, suppression of tumour suppressor genes, and altered expression of 

receptor tyrosine kinases (RTK) (D’Angelo and Pietanza 2010). Recent characterisation of the 

genomic profile of SCLCs has demonstrated universal inactivation of genes encoding tumour protein 

53 (Tp53) and retinoblastoma protein (Rb1) (George et al. 2015), and copy number alterations have 

been found in Janus kinase 2 (JAK2), Fibroblast growth factor receptor 1 (FGFR1) and MYC genes 

(Voortman et al. 2010). For NSCLCs, mutations in the genes KRAS and TP53 are key oncogenic drivers 

and are thereby utilised in several genetically engineered mouse models (GEMM) of lung cancer. 

Mutations in the genes encoding Anaplastic lymphoma kinase (ALK) and Epithelial growth factor 

receptor (EGFR) are also observed (Paez et al. 2004; Kwak et al. 2010), rendering these appropriate 

targets for therapeutics (Herbst, Morgensztern, and Boshoff 2018). Other mutations observed in 

NSCLCs are implicated in various metabolic and signalling pathways, including the genes encoding 

microtubule associated protein kinase (MAPK), Wnt, mammalian target of rapamycin (mTOR), and 

cell cycle and RTK signalling pathways (Ding et al. 2008; Cancer Genome Atlas Research, Network 

2014). Hence, despite several shared mutations between both cancer types, there exists clear 

differences in the mutational landscape. The remainder of the introduction for this thesis will be 

predominantly focused on NSCLC.  

Table 1: Summary of the comparison between NSCLC and SCLC. 

 

Cancer type Staging Origin Associated 
mutations 

Risk factors 
(shared) 

SCLC Limited Stage 
Extensive Stage 

Neuroendocrine 
progenitor cells 
 

TP53 
RB1 
JAK2 
FGFR 
MYC 
PARP1 
EZH2 

 
 
Smoking (main) 
Genetics 
Diet and Alcohol 
Air pollution 
Occupation-
related factors NSCLC Stage I 

Stage II 
Stage IIIa 
Stage IIIb 
Stage IV 

Adenocarcinoma: Type 2 
epithelial cells  
Squamous cell 
carcinoma:  
Tracheal basal cell 
progenitors 

KRAS 
TP53 
ALK 
EGFR 
LKB1/STK11 
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1.1.2 Modelling lung cancer in preclinical mouse models  

  Preclinical studies in mice have greatly improved our knowledge of lung cancer. This is facilitated 

primarily by the introduction of tumour cells and xenografts into mice to promote lung cancer 

development and the use of GEMMs. 

  Primary lung cancer can be mimicked in mice via the implantation of tumour cells directly into the 

lungs of syngeneic mice. In the C57BL/6 background, the LL/2 Lewis Lung carcinoma and CMT167 

lung carcinoma are 2 common murine lung cell lines. Both of these are of epithelial origin are and 

considered adenocarcinomas. The implantation of these cell lines into the lungs of syngeneic 

C57BL/6 mice mimic primary lung tumours (Li et al. 2017; Doki et al. 1999). Notably, these lung 

tumour cells can also be injected subcutaneously to induce solid lung tumours, though this does not 

replicate the lung microenvironment. However, the introduction of well-established late stage 

cancer cell lines into tissues does not mimic the natural progression of cancer from a neoplastic 

state. Apart from primary lung tumours, the study of lung metastasis can be achieved via the 

introduction of tumour cells into the tail vein of the mice. For instance, lung metastatic seeding 

occurs when B16 melanoma cells are introduced via the tail vein (Overwijk and Restifo 2001). 

Alternatively, lung metastasis also occurs when orthotopically injected tumour cells in other tissues 

metastasise to the lungs. In the 4T1 model for instance, the injection of 4T1 breast cancer cells into 

the mammary fat pad of syngeneic BALB/C mice leads to lung metastasis formation (Yang, Zhang, 

and Huang 2012). 

  While the use of mouse cell lines comes with relative ease of handling and high reproducibility, 

these often do not accurately mimic human cancers. The use of xenografts or human-derived cell 

lines better mimics the intrinsic features observed in human cancers. Common human cell lines used 

in the study of adenocarcinomas include A549, H1298 and HCC827 (Kellar, Egan, and Morris 2015) 

and implantation of these cells to the lungs of immune-deficient mice is used as models for NSCLCs 

(Cui et al. 2006; Justilien and Fields 2013). Apart from human-derived cell lines, patient-derived 

xenografts are also utilised, which also require the use of immune-deficient mice. However, poor 

engraftment rates are common (Olson et al. 2018). Crucially, these models are limiting because they 

do not mimic the natural immunosuppressive microenvironment of cancer, as immune-deficient 

mice are required in these models. 

  The above models described are limited because tumour cells are transplanted, which does not 

mimic primary tumour development. Hence, GEMMs confer an advantage to study how primary 

tumour develops via the presence of driver mutations within these mouse models. One of the 

earliest GEMMs for lung cancer is the KrasLSL-G12D/+ (K) mouse model, which develop lung tumours 
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due to the expression of mutant Kras protein (Jackson et al. 2001, 2005). In the presence of Cre 

recombinase, the stop codon flanked by loxP sites in the Kras gene is removed, allowing for the 

expression of mutant Kras to drive lung adenocarcinoma development. KP mice are developed from 

a cross between K mice and Trp53fl/fl mice, which contains loxP sites flanking the exons of the gene 

encoding the Trp53 protein, creating null alleles. KP mice develop tumours faster than K mice due to 

the combined effects of mutant Kras gene expression and null expression of Trp53 (DuPage, Dooley, 

and Jacks 2009).  

  Activating mutations in Kras have also been utilised in combination with other activating or 

inactivating mutations to model lung cancer development, such as Phosphatase and tensin homolog 

(PTEN) and Liver kinase B1 (LKB1) (Ji et al. 2007; Iwanaga et al. 2008). In addition, other mouse 

models of lung cancer incorporate mutations in other NSCLC-associated genes seen in humans such 

as ALK and EGFR (Regales et al. 2007; Soda et al. 2008). Of note, EML4-ALK is a fusion protein 

derived from chromosomal inversion leading to human NSCLC, and a mouse model of EML4-ALK 

expression specific to lung alveolar cells drives lung adenocarcinoma (Soda et al. 2008). Similarly, 

GEMMs for SCLC involve inducing mutations in relevant genes, such a Trp53 and Rb1 (Meuwissen et 

al. 2003). Hence, a wide variety of preclinical mouse models are available to study lung cancer, and 

these have proven useful in providing insight to lung cancer development. 

 

1.1.3 Therapeutic approaches: surgery, chemotherapy, immunotherapy and radiotherapy 

  Surgery and resection of Stage I and II NSCLC is the preferred method of treatment (Ko, Raben, and 

Formenti 2018). Surgery is also used in Stage III NSCLC, but typically in combination with 

chemotherapy (Lemjabbar-Alaoui et al. 2015). Notably, chemotherapy can be used alongside surgery 

as an adjuvant to minimise lung cancer relapse (Zappa and Mousa 2016). Surgery can be utilised for 

limited-stage SCLC as well (Lemjabbar-Alaoui et al. 2015). 

  Chemotherapy is typically used in Stage III and IV NSCLC. As mentioned, surgery alongside 

chemotherapy is considered standard treatment for Stage III NSCLC (Lemjabbar-Alaoui et al. 2015). 

The use of chemotherapy in Stage IV NSCLC is also common, as surgery is no longer an option at that 

stage. In limited stage SCLC, chemotherapy alone improves survival but improved outcomes are 

observed when combined with surgery (Videtic et al. 2003). The platinum-based DNA alkylating 

agent cisplatin is typically the preferred choice in Stage IV NSCLCs to tackle rapidly dividing lung 

cancer cells (Dasari and Tchounwou 2014; Zappa and Mousa 2016). However, NSCLC cells are able to 

gain resistance to cisplatin (Sarin et al. 2017; Gao et al. 2019). Therefore, cisplatin is typically used 

alongside a wide range of other chemotherapeutic agents that exert their anti-tumour effect 
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through other mechanisms. For instance, Gefitinib is an EGFR inhibitor and is effective against 

NSCLCs with aberrant EGF signalling (Nurwidya, Takahashi, and Takahashi 2016). On the other hand, 

drugs such as Paclitaxel inhibit mitotic progression of cancer cells through interactions with 

microtubules necessary for cell division (Weaver 2014).  

  More recently, immunotherapeutic approaches that exploit the anti-cancer function of the immune 

system have gained popularity, with immune checkpoint regulators Programmed cell death protein 

1 (PD-1) and Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) being extremely popular targets 

in multiple clinical trials (Corrales et al. 2018; Herbst, Morgensztern, and Boshoff 2018). PD-1 and 

CTLA-4 are expressed on the surface of T-cells and function as “breaks” to limit the function of T-

cells. The blockade of these receptors is thought to reenergise the function of T-cells and promote 

their anti-tumour activity. Programmed cell death ligand 1 (PD-L1) expressed on tumour cells can 

interact with PD-1 on T-cells to inhibit their anti-tumour function, thereby favouring tumour immune 

escape (Iwai et al. 2002). Similarly, CTLA-4 is expressed on activated T-cells and its interaction with 

ligands CD80 or CD86 on antigen-presenting cells (APCs) inhibits T-cell function (Alegre, Frauwirth, 

and Thompson 2001). The use of immunotherapeutic agents is dependent on the staging and 

severity of lung cancer (Doroshow et al. 2019). Nivolumab, Atezolizumab and Pembrolizumab are 

key immunotherapeutic drugs which have been approved in the treatment of various lung cancer 

subtypes, with all three drugs targeting the PD-1/PD-L1 pathway (Garon et al. 2015; Santini and 

Rudin 2017; Zhang and Chen 2018). Critically, the success of immunotherapy with drugs targeting 

PD-L1 is highly dependent on PD-L1 expression within NSCLCs (Reck et al. 2016). Apart from PD1/PD-

L1 and CTLA4, a myriad of drugs targeting other immune checkpoint blockades have demonstrated 

their potential in various clinical trials (Zappa and Mousa 2016). 

  While surgical resection is regarded as the standard of care for early-stage NSCLC, radiotherapy is 

used when lung cancer patients are inoperable due to certain risk factors like age, emphysema and 

heart disease (Timmerman et al. 2006). Radiotherapy is also administered in late-stage and 

metastatic NSCLC and extensive-stage SCLC (Lemjabbar-Alaoui et al. 2015). Recent advances in 

radiotherapy techniques, such as 3-dimensional conformation radiation therapy (3DCRT), Image 

modulated radiation therapy (IMRT) and Stereotactic ablative radiotherapy (SABR), incorporate the 

acquisition of 3D images of patients by Computed tomography (CT) scans to guide precise tumour 

targeting during treatment (Bucci, Bevan, and Roach 2005) and these newer methods have 

improved prognosis and survival in patients compared to standard radiation (Cheng et al. 2019). 

Despite these successes, problems such as recurrences of tumours and the formation of metastasis 

have yet to be adequately addressed (Ko, Raben, and Formenti 2018). 



6 
 

  The method of radiation and the selected dose is dependent on the staging and severity of the 

disease, and hence is given with the intent to either cure the patient as much as possible (curative 

radiotherapy) or to relieve the symptoms and pain of incurable disease (palliative radiotherapy). 

SBRT is typically given as a curative form of radiotherapy. This involves a high dose, fractionated 

regimen and is becoming the preferred method of treatment for inoperable patients with early-

stage NSCLCs (Louie et al. 2015). Multiple trials utilising SBRT against primary lung tumours in NSCLC 

highlight that fractionated regimen totalling 45-60 Gray (Gy) reported local tumour control of 80-

98% (Timmerman et al. 2010; Nagata et al. 2011). Nevertheless, radiation toxicity typically 

encompassing pneumonitis and fibrosis remains a key concern in such high-dose radiation regimens 

and remains an area of improvement (Timmerman et al. 2006; Nagata et al. 2009). Whilst SBRT was 

initially used in the treatment of primary tumours, research has now demonstrated its promise in 

metastatic lung cancer (Rusthoven et al. 2009; Iyengar et al. 2018; Palma et al. 2019). On the other 

hand, palliative radiotherapy is given in much lower doses, albeit in a fractionated form as well 

(Bezjak et al. 2002; Cross et al. 2004; Senkus-Konefka et al. 2005). Naturally, lower doses of radiation 

correspond to significantly reduced treatment-related toxicity (Cross et al. 2004). While radiotherapy 

is classically known for its anti-tumour effects through the killing of rapidly dividing cells by DNA 

damage, it is now widely appreciated that radiation plays an important role in modulating the 

immune system, which could either promote or inhibit tumour progression (Ko, Raben, and 

Formenti 2018). The modulation of the immune system by radiotherapy will be further discussed in 

subsequent chapters.  

  Importantly, the treatment of lung cancer in practice utilises a combination of the methods I have 

discussed thus far. A study in humans demonstrated that radiotherapy induces a response of 

metastatic NSCLC to CTLA-4 blockade, whereas the response is not seen with CTLA-4 blockade alone 

(Formenti et al. 2018). Hence, the use of combination treatment strategies might be required to 

unlock the potential for immunotherapy in lung cancer. More recently, the Phase III study 

Checkmate 9LA looking at the combination of Nivolumab (anti-PD-1) and Ipilimumab (anti-CTLA-4) 

alongside platinum-based chemotherapy observed improved overall survival for Stage IV/recurrent 

NSCLC patients and has now been approved as first-line treatment for NSCLC (Reck et al. 2020), 

further demonstrating the potential of combination treatment to promote better disease control. 
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1.2 The immune microenvironment in lung cancer 

  The use of treatment modalities like radiotherapy and immunotherapy against lung cancer, both of 

which rely upon the immune system to induce anti-tumour responses, reflect the importance of the 

lung immune microenvironment in supporting tumour growth itself. In this subchapter, I focus on 

the lung tumour immune microenvironment (TME) and the ways cancer in the lung exploits some of 

these components to support tumour growth.   

  

1.2.1 Factors influencing the tumour immune microenvironment 

  The immune system remains a double-edged sword in cancer. Though the immune system is 

inherently capable of fighting cancer by inducing direct tumour killing, cancer cells can also exploit 

the immune system to support its continued survival and proliferation by generating a pro-

tumourigenic TME. This is achieved by promoting pro-tumour responses and inhibiting anti-tumour 

responses within the cancer microenvironment. Cancer-derived mutations play a key role in the 

development of TME. It has long been known that cancer-driven inflammation promotes tumour 

development (Mantovani et al. 2008), and the mutations that drive cancer further promote 

inflammation within the TME. Neoantigen burden in NSCLC patients is linked to T-cell infiltration and 

activation within the tumour microenvironment (McGranahan et al. 2016), and specific mutational 

signatures are associated with suppression of anti-tumour immune response. For instance, genetic 

ablation of LKB1 is shown to promote the recruitment of neutrophils, which produce T-cell 

suppressive factors to suppress anti-tumour immunity (Koyama et al. 2016). Other cancer-intrinsic 

and extrinsic factors, including hypoxia, the microbiota and non-immune cells within the cancer 

microenvironment contribute to the development and maintenance of the tumour immune 

microenvironment and these have been extensively reviewed elsewhere and will not be further 

discussed (Altorki et al. 2019; Milette et al. 2019; Ramirez-Labrada et al. 2020).  

 

1.2.2 Innate immunity in lung cancer 

  Neutrophils are the most prevalent immune cell type in NSCLC (Kargl et al. 2017). While the 

bactericidal properties of neutrophils in the lung are well understood, the role of neutrophils in 

NSCLC remains polarised. On one hand, reactive oxygen species (ROS) production by neutrophils, 

which is typically associated with bactericidal activity, can induce epithelial mutagenesis and drive 

cancer formation within the lung (Canli et al. 2017). On the other hand, a subset of neutrophils in 

early stage NSCLCs displayed antigen-presentation properties and promoted T-cell responses 
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(Eruslanov et al. 2014; Singhal et al. 2016), highlighting the anti-tumour function of neutrophils in 

early stage NSCLCs. However, neutrophils in NSCLC are typically associated with worse prognosis as 

high neutrophil-lymphocyte ratios are a useful prognostic marker in determining the outcomes of 

NSCLC (Akinci Ozyurek et al. 2017). Neutrophils appear to adopt N1/N2 polarisation states, where 

the N1 and N2 state is associated with anti-tumour and pro-tumour function respectively. 

Transforming growth factor beta (TGFβ) accumulation in tumours appear to polarise neutrophils to 

pro-tumour N2 neutrophils (Fridlender et al. 2009). Notably, the classification of neutrophils into 

either N1 or N2 states represent a gross oversimplification of how neutrophils behave in cancer (i.e. 

polarisation, maturation states) and the field has gradually shunned away from this classification. 

Neutrophils have also been observed to accumulate within the pre-metastatic niche within the lung. 

While the bulk of literature in mouse models demonstrate that neutrophils can promote lung 

metastasis formation (Coffelt et al. 2015; Wculek and Malanchi 2015), some literature suggests 

neutrophils exhibit anti-metastatic potential within the lung (Granot et al. 2011). These differences 

might be attributed to the timing of neutrophil depletion in these studies and the type of cancer 

model used. Altogether, the role of neutrophils in lung cancer appears to be dependent on the stage 

of the tumour, and they contribute to the pre-metastatic niche within the lung microenvironment.  

  Other immune cells in the innate immune compartment contribute to the development of the TME. 

Tumour associated macrophages (TAM) typically exhibit anti-inflammatory phenotypes and favour 

tumour progression. Indeed, depletion of TAMs in a mouse model of lung cancer slows down the 

growth of lung carcinoma (Fritz et al. 2014). Alveolar macrophages (AM) also appear to favour lung 

metastasis, as they accumulate in the pre-metastatic lung and favour cancer colonisation through 

production of leukotrienes (Nosaka et al. 2018) and dampening anti-tumour CD4+ T-cell responses 

(Sharma et al. 2015).  

  γδ T-cells are an innate subset of T-cells present in several tissues, including the lung. Though γδ T-

cells exhibit both pro and anti-tumour functions in multiple mouse model of cancer, they appear to 

contribute to the development of a pro-tumourgenic TME in the lung, in part via the production of 

IL-17 (Silva-Santos, Mensurado, and Coffelt 2019). For instance, IL-17 production by γδ T-cells 

increases Granulocyte-stimulating factor (G-CSF) levels within the lung to recruit neutrophils that 

exhibit pro-tumour function (Coffelt et al. 2015). Interestingly, a recent paper also highlighted the 

interactions of γδ T-cells with the lung microbiome to promote lung cancer (Jin et al. 2019), 

highlighting the importance of immune-microbiota interactions in cancer.  

  Natural killer (NK) cells, a member of the innate lymphoid cell (ILC) family, are also widely 

implicated in NSCLCs. These cells exhibit direct cytotoxic activity against tumour cells, and their 
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activation is dependent on the absence of major histocompatibility complex (MHC) molecules on the 

cell surface, as well as on the combination of activating and inhibitory signals derived from their 

activating and inhibitory receptors respectively. NK cells in human NSCLCs have been demonstrated 

to be dysfunctional, as intratumoural NK cells appear to have reduced capacity for degranulation 

and Interferon gamma (IFNγ) production, which is a key cytokine involved in anti-tumour immunity 

(Platonova et al. 2011). Indeed, this might be attributed to the enrichment of non-cytotoxic 

CD56bright NK cells within NSCLCs, which play a more immunoregulatory role as compared to their 

CD56dim counterparts (Carrega and Ferlazzo 2017). The suppression of NK cell function in the pre-

metastatic niche in mouse models of lung cancer has also been observed (Sceneay et al. 2012), 

highlighting the importance of this cytotoxic effector population in both primary NSCLC and 

metastatic seeding of lung tumours.   

 

1.2.3 Adaptive immunity in lung cancer 

  Though strictly an innate immune cell type, DCs play an integral role in the activation of the 

adaptive T-cell compartment. In the lung TME, DCs exhibit an immunosuppressive phenotype and 

upregulate the immune checkpoint molecule B7H3, triggering the production of anti-inflammatory 

IL-10 (Schneider et al. 2011). CD8+ T-cells are major producers of IFNγ and are key in mediating anti-

tumour responses. CD8+ T-cells, alongside the likes of NK cells, play an important role in the 

destruction of tumour cells as they exhibit cytotoxic activity but their anti-tumour function is also 

compromised in NSCLC (Trojan et al. 2004). This is in part due to the upregulation of inhibitory 

receptors in the tumour context (Thommen et al. 2015). Notably, upregulation of PD-1 on CD8+ T-

cells is correlated with their dysfunction in human NSCLCs (Zhang et al. 2010), highlighting the 

relevance of immunotherapeutic treatments in promoting anti-tumour responses of CD8+ T-cells.  

  In the CD4+ T-cell compartment, conventional CD4+ T-cells that emerge from the thymus can 

polarise to different helper subsets TH1, TH2 and TH17, which are characterised by the transcription 

factors T-bet, GATA binding protein 3 (GATA3) and RAR-related orphan receptor gamma (RORγt)  

respectively. On the other hand, Tregs are characterised by the expression of Forkhead box P3 

(Foxp3), and they typically suppress conventional CD4+ T-cell function as well as the broader 

immune response. The traditional TH1/TH2 paradigm is used to describe the CD4+ T-cell infiltration in 

lung cancer and used as a determinant of lung cancer prognosis. In essence, the balance of the 

TH1/TH2 profile was a key determinant in cancer progression and outcomes (Duan et al. 2015), where 

a TH1/TH2 profile skewed towards TH1 typically indicate reduced cancer progression and improved 

cancer prognosis. More recently, a new TH17/Regulatory T-cells (Treg) axis has emerged, which also 
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serves as a prognostic indicator of NSCLC progression (Marshall et al. 2016), and higher TH17/Treg 

ratios are associated with better prognosis in NSCLCs. Indeed, pro-inflammatory TH17 cells have 

demonstrated anti-tumour function in lung cancer by supporting CD8+ T-cells (Orozco et al. 2009). 

Importantly, the accumulation of TGFβ in lung cancer appears to have opposing effects on TH17 and 

Tregs, where Foxp3 induction by TGFβ inhibits TH17 cell differentiation by antagonizing RORγt 

function (Zhou et al. 2008). Unsurprisingly, owing to their potent immunosuppressive properties, 

Tregs contribute to immune dysfunction in NSCLCs (Woo et al. 2001; Woo et al. 2002). NSCLCs have 

evolved ways to facilitate the recruitment and activation of these cells, such as via the production of 

Prostaglandin E2 (PGE2) by Cyclooxygenase 2 (COX2) (S. Sharma et al. 2005), highlighting the role of 

cancer-intrinsic factors driving the maintenance of the pro-tumourgenic TME. Tregs in lung cancer 

have been demonstrated to inhibit anti-tumour function of CD8+ T-cells and inhibit autologous CD4+ 

T-cell proliferation (Woo et al. 2002; Ganesan et al. 2013), further demonstrating their pivotal role in 

regulating anti-tumour responses. Figure 1.1 illustrates some of these key immune cells in the lung 

cancer microenvironment.   

  Hence, cancer exploits the immune system through a combination of inhibiting anti-tumour 

response and promoting pro-tumour immune responses through a myriad of immune cell types. At 

the same time, these responses can also be exploited by multiple treatment modalities discussed 

previously. In the next subchapter, I focus specifically on the interactions between radiotherapy and 

the immune system in cancer. 

Figure 1.1 Immune microenvironment in lung cancer. The lung immune microenvironment is composed of both innate 
and adaptive immune cells that can contribute to both pro and anti-tumour responses. 
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1.3 Immune modulation by radiotherapy in cancer 

  Traditionally, DNA damage induced by radiotherapy has been the explanation for the anti-tumour 

response induced by radiotherapy. As some mutated cancer cells lose their ability to repair DNA 

damage, cell death via pathways like apoptosis or necrosis occurs (Sia et al. 2020). However, this 

traditional view of DNA damage as the sole reason for anti-tumour responses is insufficient to 

explain the abscopal effect (Golden and Apetoh 2015). The abscopal effect describes the off-target 

effect of radiotherapy, where targeted irradiation of a primary tumour leads to regression of 

tumours in a distant location. A landmark paper in 2004 demonstrated that this was attributed to 

the immune system (Demaria et al. 2004). Specifically, irradiation of a local tumour alongside 

treatment with Flt3L impaired the growth of a distant, non-irradiated tumour. This abscopal effect 

observed due to combined treatment was attributed to the activation of DCs. Since this discovery, 

the immune system’s role in radiotherapy-induced anti-tumour immunity is increasingly 

appreciated, and the mechanisms behind this process are an active area of research. 

 

1.3.1 Immunogenic cell death in radiotherapy 

  Immunogenic cell death (ICD) is a relatively newly defined form of cell death that takes into account 

the contribution of the immune system in promoting anti-tumour responses. Notably, the principles 

guiding the definitions of this process were initially derived from work in chemotherapeutic agents, 

but these principles apply just as well to radiotherapy. A review by Kroemer and Zitvogel nicely sums 

up the 3 necessary components of ICD (Kroemer et al. 2013): cell surface translocation of 

calreticulin, and extracellular release of High mobility group box protein 1 (HMGB1) and ATP. 

Calreticulin expression on the membrane surface acts as an “eat-me” signal, which is recognised by 

receptors expressed on phagocytic DCs. HMGB1 is recognised by Toll-like receptor 4 (TLR4) on DCs 

to optimise their cross-presentation function, allowing for the processing of extracellular antigens to 

be presented by MHC Class I molecules to CD8+ T-cells. Finally, ATP interacts with the receptor 

P2RX7 on DCs, facilitating IL-1β production necessary for the immune system to perceive cell death 

as immunogenic (Kroemer et al. 2013). Crucially, these processes are associated with the 

upregulation of DC function and anti-tumour CD8+ T-cells.  

  The evidence of ICD hallmarks in radiotherapy has been demonstrated by work from Formenti and 

Demaria in the TSA mammary carcinoma murine cell line. TSA cells were genetically engineered to 

express membrane luciferase to detect ATP release in the presence of luciferin, oxygen, and 

magnesium by bioluminescence. To detect cell surface calreticulin, TSA cells were modified to 

express calreticulin alongside a tag protein, which can be detected by flow cytometry upon binding 
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of fluorescent ligands to the tag. For detection of HMGB1, HMGB1 was genetically engineered to 

contain a red fluorescent protein (Golden et al. 2014). Radiotherapy in vitro demonstrated that all 3 

components were present, and that these increased to a larger extent in combination with platinum 

chemotherapy (Golden et al. 2014).  

  Evidence of ICD has also been demonstrated in human cancer cell lines, emphasising the role of 

adaptive CD8+ cells. Using human MDA-MB-231 breast cancer, H522 lung cancer, and LNCaP 

prostate cancer cell lines, a dose-dependent release of ATP and HMGB1 was demonstrated upon 

irradiation, and consequently their susceptibility to killing by CD8+ T-cells. (Gameiro et al. 2014). In 

vivo, implanted LNCaP tumours upregulated calreticulin gene expression upon irradiation, which was 

accompanied by translocation to the cell surface as seen by an increase in calreticulin membrane 

staining. This surface expression of calreticulin also corresponded to increase sensitivity to CD8+ T-

cell killing, substantiating the importance of ICD-induced CD8+ T-cell response in radiotherapy.  

 

1.3.2 Adaptive immune activation 

  Supporting the notion that ICD is critical in inducing anti-tumour immunity by radiotherapy, 

activation of DCs and CD8+ T-cell responses in radiotherapy has been observed in many instances, 

and the mechanisms involved are being resolved. Early studies have demonstrated that in the 

subcutaneous B16 melanoma model, irradiation increased the number of APCs within the tumour-

draining lymph node, likely due to the increase in antigen release by radiotherapy (Lugade et al. 

2005). This was accompanied by an increase of IFNγ production in T-cells. 

  Radiation was also observed to modulate the peptide repertoire and enhance MHCI expression to 

induce anti-tumour responses (Reits et al. 2006). Using MelJuSo human melanoma cell lines, a dose-

dependent increase of MHCI on the tumour cell surface was observed in vitro after irradiation. In the 

in vivo setting, a similar trend was observed in irradiated kidneys. An expansion of the intracellular 

peptide pool was also observed, in part via increased synthesis and degradation of proteins induced 

by radiotherapy, which was dependent on the mTOR pathway. Notably, a high neoantigen burden is 

typically associated with T-cell immunoreactivity and improved clinical response to immune 

checkpoint blockade (McGranahan et al. 2016). Hence, the increase in both the quantity and variety 

of antigens likely promotes DC responses to radiotherapy.  

  The direct role of DCs in facilitating the activation of CD8+ T-cells in radiotherapy was first 

demonstrated in a paper published in 2012.  With the B16 melanoma model, upregulation of the 

activation markers CD70 and CD86 on DCs was observed and activated DCs were important for 
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tumour control (Gupta et al. 2012). Once again, upregulation of IFNγ by CD8+ T-cells was observed. 

Depletion of lymphocyte subsets demonstrated that only CD8+ T-cells were important for the 

therapeutic effect of radiotherapy in this model. Notably, the activation status of DCs, rather than 

the amount of tumour-derived antigen, was a key determinant of induction of specific effector cells  

(Gupta et al. 2012). Further evidence of DCs priming adaptive CD8+ T-cells has since been shown. 

Using OVA-antigen expressing tumour cells, an increase in CFSE-labelled OVA-specific CD8+ T-cell 

proliferation was observed in the tumour-draining lymph nodes upon adoptive transfer after 

radiotherapy (Sharabi et al. 2015). Furthermore, priming of endogenous T-cells was also observed in 

secondary lymphoid tissues, as antigen-specific T-cells with a memory phenotype accumulated in 

irradiated mice at late time points after irradiation (Sharabi et al. 2015). 

  Radiotherapy also promotes adaptive immunity by modulating CD8+ T-cells accumulation through 

chemokine production. In the 4T1 breast cancer model, an accumulation of adoptively transferred 

CD8+ T-cells in the tumour was observed. This increase was attributed to CXCL16 expression and 

release by tumour cells upon irradiation, which was recognised by CXCR6-expressing CD8+ T-cells 

(Matsumura et al. 2008). In CXCR6-deficient mice, a reduction of CD8+ tumour infiltrating 

lymphocytes and reduction of anti-tumour efficacy of radiotherapy were observed (Matsumura et al. 

2008). Apart from the upregulation of MHCI, radiation upregulates the expression of FAS receptor 

on tumour cells to facilitate their killing by cytotoxic CD8+ T-cells (Garnett et al. 2004). Notably, this 

expression does not necessarily lead to improved killing in all tumour cell types, suggesting that a 

combination of cell-intrinsic factors determines if cells are lysed by CD8+ T-cells. 

  As discussed, IFNγ is the prototypical cytokine associated with anti-tumour immunity. Indeed, 

reports have shown that IFNγ produced by T-cells is a response induced by radiotherapy (Lugade et 

al. 2005; A. Gupta et al. 2012). The role of IFNγ in facilitating anti-tumour immunity induced by 

radiotherapy has been studied, and IFNγ signalling in both tumour and host is demonstrated to be 

crucial in radiotherapy-mediated responses (Lugade et al. 2008). In IFNγ-deficient mice, Vascular cell 

adhesion protein 1 (VCAM -1) expression on tumour vasculature was observed to be reduced, 

altering the trafficking of T-cells into the tumour microenvironment. Furthermore, the 

chemoattractants CXCL9 and CXCL10 were reduced in irradiated tumours in IFNγ-deficient mice. In 

IFNγ-deficient tumour cells, radiation-induced upregulation of MHCI expression in tumour cells was 

reduced, in part due to altered STAT1 phosphorylation (Lugade et al. 2008). In all, DCs, CD8+ T-cells 

and IFNγ are key contributors to the anti-tumour response induced by radiotherapy.  

  In contrast to CD8+ T-cells, Tregs typically function to suppress anti-tumour immunity and promote 

cancer growth. While the understanding of Treg response to radiotherapy is significantly less 



14 
 

compared to CD8+ T-cells, they are suggested to be less radiosensitive compared to other 

lymphocytes, and therefore preferentially accumulate in irradiated tissues, thereby contributing to 

radioresistance (Kachikwu et al. 2011). Indeed, the accumulation of Tregs in response to 

radiotherapy has been observed in multiple cancer models (Klug et al. 2013; Muroyama et al. 2017). 

In mouse subcutaneous models of cancer, irradiated Tregs in tumours demonstrated upregulation of 

CTLA4 and 4-1BB, which are characteristic of an activated Treg phenotype. In addition, Treg 

accumulation in irradiated tumours was attributed to proliferation, as observed by increased Ki67 

staining (Muroyama et al. 2017). Apart from enhanced Treg proliferation, the recruitment of Tregs in 

response to radiotherapy has also been reported. In a murine model of head and neck squamous cell 

carcinoma, CCL2 upregulation in response to radiotherapy was observed, alongside the 

accumulation of Tregs in a CCR2-dependent manner (Mondini et al. 2019). 

 

1.3.3 Innate immune activation 

  While adaptive immunity has originally been the focus of radiotherapy-induced immune response, 

studies have now demonstrated the contributions of innate immunity. Monocytes and macrophages 

are important and appear to inhibit radiotherapy-induced anti-tumour immunity in general. In a 

pancreatic ductal adenocarcinoma (PDAC) mouse model, radiotherapy increases CCL2 within the 

tumour microenvironment, leading to the recruitment of CCR2+ monocytes (Kalbasi et al. 2017). 

While radiotherapy on its own did not induce an anti-tumour response, a combination of anti-CCL2 

alongside radiotherapy observed a decrease in tumour burden. Notably, monocyte recruitment was 

associated with subsequent accumulation of TAMs (Kalbasi et al. 2017). CCR2-dependent 

recruitment of monocytes was also observed in the TC1 murine model of head and neck cancer, and 

recruited monocytes were thought to differentiate into Ly6C-CD64+ macrophages (Mondini et al. 

2019). The increase in the concentration of serum CCL2 was attributed to tumour cells, and 

“myeloid-associated” cytokines granulocyte-macrophage colony-stimulating factor (GM-CSF) and 

tumour necrosis factor alpha (TNFα) were also observed. These cytokines were linked to the 

suppression of CD8+ T-cell activity via Tregs (Mondini et al. 2019).  

  Macrophages were demonstrated to limit the efficacy of radiotherapy in a model of mammary 

carcinoma growth. In this model, irradiation leads to the reduction of tumour burden, followed by a 

subsequent regrowth phase associated with an increase in CD11b+F4/80+ macrophages (Shiao et al. 

2015). The combination of anti-CSF-1 to deplete macrophages alongside radiotherapy significantly 

reduced tumour burden in the regrowth phase (Shiao et al. 2015). It was also demonstrated that 

macrophages supported TH2 CD4+ cells. The pro-tumour role of macrophages in radiotherapy is 
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supported by irradiation of macrophages in vitro, where irradiated macrophages retained their 

capacity to promote cancer cell invasion and angiogenesis (Pinto et al. 2016). Interestingly, 

macrophages can also exhibit anti-tumour function in low-dose irradiation (Klug et al. 2013). In the 

RT5 model of spontaneous pancreatic islet carcinogenesis, low-dose irradiation led to the 

recruitment of T-cells, which was dependent on inducible nitric oxide synthase (iNOS) production by 

macrophages. Depletion of macrophages or iNOS prevented the recruitment of T-cells after 

radiotherapy.  

  Myeloid-derived suppressor cells (MDSC), neutrophils, and eosinophils have also been implicated in 

immune responses induced by radiotherapy in cancer. A reduction of MDSC is linked to an increase 

in CD8+ T-cells in the CT26 model of colon carcinoma, and a single dose of 30Gy decreased the ratio 

of MDSC to CD8+ T-cells (Filatenkov et al. 2015). Eosinophils appear to support anti-tumour 

responses via CD8+ T-cells. In the subcutaneous B16 melanoma models, eosinophils were reported 

to be recruited by tumour-derived CCL11 upon radiotherapy. The depletion of eosinophils with an 

anti-SiglecF antibody alongside radiotherapy reduced the presence of CD8+ T-cells and a reduction in 

anti-tumour effectiveness (Cheng et al. 2021). Neutrophils are known to support metastatic seeding 

and it has been reported that radiotherapy enhances their pro-metastatic function in the lung. A 

single dose of 13Gy to the thorax region enhances lung metastasis in the 4T07 orthotopic breast 

cancer model (Nolan et al. 2022). This was attributed to radiation-induced neutrophil activation, 

which modulates the Notch signalling pathway in lung epithelial cells to promote metastasis (Nolan 

et al. 2022) 

  NK cell function is also influenced by radiotherapy. A notable example is ligands for the activating 

NKG2D receptor, which is upregulated by radiotherapy and hence, can stimulate NK cell function 

(Gasser et al. 2005). In the context of cancer, radiotherapy alongside ataxia telangiectasia and Rad3-

related (ATR) inhibitors induces an anti-tumour response in a model of head and neck cancer. 

Radiotherapy upregulated the expression of IFNγ and the degranulation marker CD107a in NK cells, 

and depletion of NK cells decreased the effectiveness of irradiation (Patin et al. 2022). The 

importance of NK cells in radiotherapy has also been reported in pancreatic cancer. In human PDAC, 

radiotherapy induces CXCL8, leading to the recruitment of CD56dim
 NK cells that exert tumour control 

(Walle et al. 2022). Notably, no structural homologue of CXCL8 is present in mice, highlighting 

fundamental differences in the response to radiotherapy in both species (Walle et al. 2022). 
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1.3.4 Radiotherapy and immunotherapy combinations 

  Given the clear association between radiotherapy and immune activation, combinational 

treatments incorporating both immunotherapy and radiotherapy are increasingly explored to 

leverage the activation of the immune system. The use of immune checkpoint inhibitors remains one 

of the most popular approaches.  

  Notably, radiotherapy and immune checkpoint inhibitors were reported to activate non-redundant 

immune mechanisms in cancer. In the subcutaneous B16 melanoma model, radiation alongside dual 

checkpoint blockade with anti-PD1 and anti-CTLA4 treatment was observed to be more effective 

than dual checkpoint blockade on its own (Twyman-Saint Victor et al. 2015). On one hand, it was 

demonstrated that radiotherapy functions to increase the T-cell receptor (TCR) repertoire of 

intratumoural T-cells and allow for the selection and expansion of T-cell clones. On the other hand, 

blocking CTLA-4 and PD-L1 depletes Tregs and increases the proportion of CD8+ T-cells respectively 

(Twyman-Saint Victor et al. 2015). Indeed, preclinical studies using immune checkpoint blockade 

alongside radiotherapy have demonstrated promise (Sharabi et al. 2015; Twyman-Saint Victor et al. 

2015; Niknam et al. 2018). In the context of human cancer, a number of clinical trials are currently 

ongoing and have been reviewed extensively (Spiotto, Fu, and Weichselbaum 2016; Wang et al. 

2018; Buchwald et al. 2018). 

  Apart from the use of immune checkpoint inhibitors to target adaptive T-cells, other cell types can 

also be targeted. As discussed, DCs also play a central role in initiating the adaptive CD8+ T-cell 

response and could also be exploited to improve radiotherapy-induced anti-tumour responses. The 

use of FLT3L to enhance DC function alongside radiotherapy promoted survival in the LL/2 model of 

metastatic lung cancer (Chakravarty et al. 1999). While a formal role of DCs was not directly 

demonstrated, combination treatment did not impact survival in immunodeficient mice, implicating 

the role of the immune system. In addition, the adenosine signalling pathway is a crucial metabolic 

pathway regulating anti-tumour immunity on DCs, and the CD73 receptor is involved in the 

conversion ATP to adenosine. The use of anti-CD73 is shown to promote DC infiltration of irradiated 

tumours and promote tumour rejection (Wennerberg et al. 2020). In the TSA mammary 

adenocarcinoma model, anti-CD73 with radiotherapy promoted cDC1 recruitment to potentiate 

CD8+ T-cell response (Wennerberg et al. 2020). 

  Finally, immunotherapeutic approaches targeting innate immune cell types can be considered. 

MDSCs and macrophages are typically associated with pro-tumour function and can be targeted 

alongside radiotherapy. For instance, the use of anti-CCL2 to deplete monocytes recruitment and 

macrophages could potentially be used to improve radiotherapy outcomes (Kalbasi et al. 2017). 
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Furthermore, the influence of immune checkpoint inhibitors on innate immune cells could be taken 

into account. Myeloid cells also express PD-1, and targeted depletion of PD-1 on myeloid cells drives 

anti-tumour immunity, in part via an increase in effector memory T-cells (Strauss et al. 2020). NK 

cells also express PD-1, and the combination of ATR inhibitors and radiotherapy treatment alongside 

anti-PD1 and anti-TIGIT was more effective than treatment without immune checkpoint inhibitors in 

head and neck cancer. This was in part via the activation of NK cells (Patin et al. 2022). 

 

1.3.5 Factors modulating radiotherapy efficacy 

  Several considerations have to be taken into account to maximise the effectiveness of 

radiotherapy, the most notable being the dose of irradiation administered. Classically, higher doses 

of irradiation are associated with a greater extent of DNA damage in cells, and in theory, increased 

cell death and higher effectiveness of radiotherapy. However, a major restriction in the use of high-

dose radiation is the unintended consequence of irradiating healthy cells, leading to unintended side 

effects. For instance, in the context of lung irradiation, pneumonitis and fibrosis are common side 

effects (Lierova et al. 2018).  

  The selected dose also modulates the effectiveness of radiotherapy by modulating the immune 

response. Lymphocytes are also sensitive and can succumb to radiation, thereby limiting the 

effectiveness of anti-tumour immune responses. Interestingly, recent research has highlighted that 

T-cells within the tumour microenvironment are less sensitive to radiotherapy than expected. In a 

subcutaneous model of pancreatic cancer, intratumoural T-cells in the pre-irradiated tumour 

constitute 65-85% of total T-cells after radiotherapy, and these exhibited a memory phenotype 

(Arina et al. 2019). Crucially, these pre-existing T-cells are functional, as targeted irradiation 

alongside the use of fingolimod (FTY720) to block T-cell recruitment still demonstrated reduced 

tumour growth.   

  Notably, high-dose radiotherapy could attenuate radiotherapy-induced tumour immunogenicity via 

the induction of the DNA exonuclease Three Prime Repair Exonuclease 1 (Trex1). Cytosolic DNA 

release by radiotherapy is necessary for immune activation (M. Chen et al. 2020).  At radiation doses 

above 12-18Gy, Trex1 was induced, leading to the degradation of cytosolic DNA release by 

radiotherapy, and downregulation of the Type 1 IFN pathway (Vanpouille-Box et al. 2017). Notably, 

Trex1 regulated the abscopal effect of radiation alongside immune checkpoint inhibitor treatment, 

suggesting that this could be targeted to improve abscopal responses. In addition, depending on the 

cell type, low or high-dose irradiation could differentially affect the response of the cell. As 

discussed, low dose irradiation appears to support macrophage anti-tumour function (Klug et al. 
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2013), whereas higher doses appear to promote macrophage pro-tumour function (Shiao et al. 

2015). 

  The decision to choose single or fractionated regimens could also influence the efficacy of 

radiotherapy. Recently, fractionated regimens are preferred as they are typically more effective 

(Bezjak et al. 2002) and accompanied by fewer side effects (Cross et al. 2004). In the preclinical 

setting, fractionated regimens demonstrated better tumour control compared to single dose 

irradiation in B16-OVA murine melanoma tumours (Schaue et al. 2012). In the context of irradiation 

alongside immune checkpoint blockade, a fractionated 8Gy X 3 regimen, but not a single dose 20Gy 

regimen was demonstrated to induce an immune-mediated abscopal effect when combined with an 

anti-CTLA4 antibody (Dewan et al. 2009). This fractionated regimen has now been considered the 

standard for immunotherapy combinations (Sandra Demaria et al. 2021). 

  External factors independent of the dose or regimen also modulate the efficacy of radiotherapy. 

The metabolic status of the host and tumour can influence the efficacy of radiotherapy by 

influencing cancer cell radioresistance, and these include factors such as glucose metabolism and 

hypoxia (Tang et al. 2018). Of note, adrenergic stress reduces the efficacy of radiotherapy and the 

abscopal effect via the blunting of CD8+ T-cell responses. Mice housed at higher temperatures were 

observe to experience reduced adrenergic stress. Furthermore, mice housed at higher temperatures 

experienced greater abscopal effect compared to mice housed at lower temperatures when treated 

with radiotherapy (Chen et al. 2020). Blocking β-adrenergic signalling improved anti-tumour 

immunity and the abscopal effect. The surrounding stroma within the tumour microenvironment 

also contributes to the radioresistance of tumour cells and their contributions have been reviewed 

(Hellevik and Martinez-Zubiaurre 2014). Interestingly, low-dose radiation therapy of secondary 

tumours has been demonstrated to improve anti-tumour responses, in part via overcoming the 

inhibitory stroma (Barsoumian et al. 2020). This is accompanied by an influx of NK cells and M1-

polarised macrophages that contribute to anti-tumour immunity (Barsoumian et al. 2020). Finally, 

the microbiota has also been recently implicated in modulating radiotherapy efficacy (Tonneau et al. 

2021), though this is a field in its infancy and further work is warranted. 
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1.4 Introduction to ILC2s 

  ILC2s are part of the ILC family, which are a recently described subset of innate lymphocytes and 

knowledge of these cells, apart from NK and lymphoid tissue inducer (LTi) cells, has only emerged in 

the past 2 decades. These cells mount antigen-independent innate immune responses and are 

derived from lymphoid progenitor cells. ILC2s are the innate counterparts of adaptive CD4+ TH2 cells 

and are potent producers of Type 2 cytokines. In this chapter, I provide an introduction of ILC2s and 

discuss their discovery, development and plasticity.  

 

1.4.1 ILC2 discovery 

  Before the discovery of ILC2s, adaptive TH2 cells were considered the primary drivers of Type 2 

immunity. In the lungs, this knowledge is typically derived from studies looking at asthma and airway 

inflammation, where CD4+ TH2 cells produce large amounts of Type 2 cytokines to support 

inflammation. These early studies in mouse models emphasised the importance of TH2 cells. For 

instance, the adoptive transfer of TH2 cells contributed to eosinophilic airway inflammation (Cohn et 

al. 1997). However, it was soon clear that the adaptive TH2 cells cannot fully explain some of the 

phenotypes observed. 

  IL-25, IL-33 and TSLP have been identified as the prototypical epithelial-derived cytokines that are 

critical in initiating Type 2 immunity (McKenzie 2014). Crucially, studies in the early 2000s provided 

evidence that Type 2 responses induced by these cytokines occurred independently of adaptive 

immunity. IL-4 is known to be crucial for TH2 cell development, but IL-33 administration induced 

airway inflammation in an IL-4-independent manner (Kurowska-Stolarska et al. 2008). In addition, IL-

25 was able to drive eosinophilia and a TH2-like inflammatory profile in B and T-cell deficient Rag-/- 

mice (Hurst et al. 2002). Thus, it was apparent that an unknown innate inflammatory mediator was 

responsible for driving Type 2 responses. 

  3 papers published in 2010 identified an innate Type 2 cytokine-producing population that 

contributed to Type 2 immune responses, which I will describe hereafter. In early 2010, this cell type 

was identified in fat-associated lymphoid clusters (FALC). These cells were cKit+Sca1+ cells and 

required IL-7 for their maintenance. Crucially, these cells were present in Rag-/- mice, and IL-33 

exposure induced their production of IL-5 and IL-13 in vitro (Moro et al. 2009). These cells were 

termed natural helper (NH) cells, as these cells produced IL-13 necessary for Nippostrongylus 

brasiliensis expulsion from the gut (Moro et al. 2009). This IL-13-producing innate lymphocyte 

population was also described in 2 papers in the same year. The Locksley lab identified Lin- cells 
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which responded to IL-25 and IL-33 in Rag-/- mice. These cells were observed to differ from Type 2 

cytokine-producing basophils and TH2 cells based on transcriptomic data, and respond to IL-25 to 

contribute to immunity against helminth infection (Price et al. 2010). These cells were termed innate 

helper Type 2 (Ih2) cells in this paper. In addition, the McKenzie lab also identified IL-13-producing 

Lin- cells after IL-25 and IL-33 administration in vivo (Neill et al. 2010). These cells were also 

ICOS+ST2+IL7RB+. Notably, Il7rb-/- mice deficient in the IL-25 receptor demonstrated reduced 

helminth expulsion, corroborating the importance of IL-25 in the report from the Locksley lab. Here, 

these cells were termed nuocytes. The obvious similarities between nuocytes, Ih2 cells and NH cells 

discovered in mice were soon picked up in reviews published in 2011 (Koyasu and Moro 2011; 

Oliphant, Barlow, and McKenzie 2011) and were subsequently termed ILC2s based on their 

phenotypical and functional characteristics (Spits et al. 2013). 

 

1.4.2 ILC2 development 

  All lymphocytes, including ILC2s, are derived from common lymphoid progenitors (CLP). A 

committed common innate lymphoid progenitor (CILP) population is derived from CLPs, and these 

can give rise to all ILC subsets including LTi and NK cells, but not adaptive B and T-cells. These cells 

express the integrin α4β7 (Artis and Spits 2015). Common helper innate lymphoid progenitors 

(CHILP) cells are a further committed precursor to ILC2s, and can give rise to all ILCs and LTi, but not 

NK cells (Klose et al. 2014), and these are defined by the expression of Id2. These cells give rise to a 

further committed precursor known as ILC progenitors (ILCP), which are defined by the acquisition of 

PLZF expression (Constantinides et al. 2014).  

  ILC2s are derived from ILCPs via an intermediate ILC2 progenitor (ILC2P) population. Literature first 

demonstrated the existence of these ILC2-committed precursors in the bone marrow that can give 

rise to ILC2s. These cells are defined as Lin-Sca-1+c-Kit-CD127+CD25+ST2+ cells and are termed 

immature NH cells (iNH) in this paper (Halim et al. 2012). They were observed to produce 

significantly fewer Type 2 cytokines compared to NH cells, and the adoptive transfer of these cells to 

immunodeficient NSG mice demonstrated their capacity to give rise to ILC2s (Halim et al. 2012). This 

progenitor population was also reported in the same year in a different paper. Hoyler et al. reported 

these cells in the bone marrow and were defined as Lin-Sca1+Id2+Gata3+ cells (LSIG) (Hoyler et al. 

2012). Notably, LSIGs were shown to be able to generate ILC2s specifically, but not other ILC subsets 

both in vitro and in vivo. These bone marrow-derived ILC2-committed precursor populations were 

collectively termed preILC2s (Walker and McKenzie 2013), and are now defined as ILC2P. Both ILC1 

and ILC3 subsets are also derived from ILCPs, but this will not be further discussed. 
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  RAR-related orphan receptor alpha (RORα) and GATA3 are two critical transcription factors 

necessary for ILC2 development. ILC2s were reported to express RORα and Rorαsg/sg mice deficient in 

RORα do not have functional ILC2s (Halim et al. 2012). Notably, these mice retain adaptive TH2 cells 

and ILC3s. These mice also presented defective immune responses to allergens. Wong et al. also 

demonstrated high RORα expression in ILC2s (Wong et al. 2012). In Rorαsg/sg mice, IL-25 injection did 

not lead to expansion of ILC2s. Furthermore, RORα functioned intrinsically to support ILC2 

development, as irradiated mice reconstituted with an equal proportion of bone marrow cells from 

WT or Rorαsg/sg led to the generation of ILC2s only from WT mice (Wong et al. 2012). Finally, they 

also demonstrated that IL-7 and Notch signalling was also required for ILC2 development. GATA3 is 

also necessary for ILC2 development. Hoyler et al. definitively shown the importance of GATA3 in 

regulating ILC2 cell fate and maintenance using the Id2CreERT2/+Gata3fl/fl mouse model, where targeted 

deletion of GATA3 occurred in all ILC subsets (Hoyler et al. 2012). When these mice were treated 

with tamoxifen, reduced ILC2 in the lamina propria was observed while ILC3s were not affected. In 

all, GATA3 and RORα are key players essential for the development of ILC2s.  

Figure 1.2 Developmental pathway of ILC2. CLPs go through a series of differentiation steps, giving rise to a series of 

increasingly committed precursor populations before eventually developing into ILC2s. ILC2s exhibit plasticity and can 

differentiate into ILC1 or ILC3 depending on the local cytokine environment. 
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1.4.3 ILC2 plasticity  

  Given the close developmental relationship of different ILC subsets, it is not surprising that these 

cells exhibit significant plasticity and develop characteristics of other ILC subsets depending on the 

signals within the microenvironment. Inflammatory ILC2 (iILC2) differ from IL-33 responsive ILC2s 

due to low ST2 expression, high IL-17RB expression, and expand in the presence of IL-25. These cells 

express higher levels of RORγt and can produce IL-17 upon restimulation by Phorbol 12-myristate 

13-acetate (PMA) and ionomycin and TH17-polarising conditions (Huang et al. 2015). These were 

thought to be transient progenitors of ILC2s. Interestingly, Notch signalling appears to do the reverse 

and drive the conversion of IL-33-repsonsive to iILC2 (Zhang et al. 2017). 

  ILC2s have been shown to convert to an ILC1-like phenotype. Cultures of human ILC2s in IL-2 with 

or without IL-25 or IL-33 revealed that a fraction of ILC2s expressed IFNγ (Lim et al. 2016). Notably, 

these cells also expressed T-bet. Culturing ILC2s in the presence of IL-12 also led to IFNγ production, 

highlighting an ILC1-like phenotype in the presence of Type 1-polarising conditions. Notably, cells 

from patients with a deficiency of IL-12RB1 also failed to generate plastic ILC2s (Lim et al. 2016). In 

addition, IL-1β is also implicated in the transdifferentiation of ILC2s to ILC1s in both mice and 

humans. Ohne et al demonstrated that IL-1β acts upstream of alarmin receptors ST2 and IL17RB, and 

stimulated the expression of these receptors (Ohne et al. 2016). Furthermore, IL-1β upregulated the 

expression of IL-12RB2 and T-bet and led to the production of IFNγ by transdifferentiated ILC2s 

when treated alongside IL-12. These changes were also demonstrated in vivo upon intranasal 

administration of IL-1β and IL-12. Finally, the conversion of ILC2s to ILC1 in the in vivo setting has 

also been demonstrated in the context of viral infection. In this context, ILC2s downregulate GATA3 

expression, upregulate IL-12RB2 expression, and can contribute to anti-viral immunity (Silver et al. 

2016).  

  More recently, human ILC2s have also been shown to convert to ILC3s. In response to Candida 

albicans, dermal ILC2s produced IL-17 and this was inhibited upon the addition of IL-23 and IL-1β 

antibodies (Bernink et al. 2019). Notably, differentiation of ILC2s to ILC3s was determined by 

reciprocal control of GATA3 and RORγt expression. IL-23 and TGFβ inhibit GATA3 expression, 

whereas IL-4 downregulates RORγt expression to maintain ILC2s (Bernink et al. 2019). These RORyt+ 

ILC2s were observed to express c-Kit and CCR6. The importance of IL-23, IL-1β and TGFβ in the 

differentiation of ILC2s to ILC3s was also shown in the context of nasal polyps (Golebski et al. 2019). 

Figure 1.2 summarises the developmental pathway of ILC2s. 
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1.5 ILC2s in lung disease and pathology 

1.5.1 ILC2 in allergic airway inflammation  

  The bulk of our understanding of lung ILC2s is derived from models of allergic airway inflammation.  

Since their discovery, ILC2s have been recognised as important regulators of Type 2 immune 

responses, and they have now been demonstrated to be crucial in allergic airway inflammation. In 

earlier ovalbumin (OVA)-sensitisation and challenge models, ICOS+ST2+ ILC2s were observed to be 

the primary producers of IL-13, and the transfer of these cells into IL-13-deficient mice restored IL-

25-induced airway hyperresponsiveness and eosinophilia (Barlow et al. 2012). The importance of 

cytokine production by ILC2s was substantiated by Halim et al. In the papain-induced airway 

inflammation model, an increase in ILC2s and eosinophilia was observed in Rag-/- mice. Experiments 

depleting and repleting ILC2s demonstrated the importance of ILC2s in eosinophilia and mucus 

production, and Type 2 cytokines by ILC2s were crucial in this process (Halim et al. 2012). In a 

separate report, Il7rα-/- mice deficient in ILC2s treated with OVA antigen and a cysteine protease did 

not display allergic airway inflammation. However, the adoptive transfer of ILC2s into these mice 

restored airway inflammation (Drake, Iijima, and Kita 2014). Hence, ILC2s are important in mediating 

immunity against allergic airway inflammation. 

  ILC2s in allergic airway inflammation have also demonstrated their capacity to prime and support 

adaptive CD4+ T-cell responses (Drake, Iijima, and Kita 2014; Halim et al. 2014; Mirchandani et al. 

2014). In vitro, cocultures of ILC2s and CD4+ T-cells resulted in CD4+ T-cell proliferation and Type 2 

cytokine production (Drake, Iijima, and Kita 2014). This was observed to be dependent on IL-4 as 

proliferation was reduced using IL-4-deficient ILC2s. Furthermore, direct contact via OX40L-OX40 

interactions was necessary to promote CD4+ T-cell cytokine production (Drake, Iijima, and Kita 

2014). In vivo, ILC2s are critical for the initiation of adaptive Type 2 immunity in the papain model of 

allergic lung inflammation. ILC2-derived IL-13 was required for the migration of CD40+ DCs to the 

draining lymph nodes, which contributes to TH2 cell differentiation (Halim et al. 2014). IL-13 

produced by ILC2s have also been shown to be crucial in inducing memory responses to papain, 

where IL-13 activated DCs produce CCL17 to recruit TH2 cells (Halim et al. 2016). Notably, contrary to 

the previous report supporting a role for ILC2-derived IL-4 in promoting CD4+ T-cell response, IL-4 

was not required to promote TH2 responses in a papain protease allergen-driven model ( Halim et al. 

2014). In another study, blocking IL-4 in co-cultures of ILC2 and CD4+ T-cells was observed to only 

play a limited role in influencing CD4+ T-cell function, whereas IL-2 was necessary for ILC2-CD4+ T-

cell crosstalk (Oliphant et al. 2014). 
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  Alongside cytokine production, receptor-ligand interactions contribute to ILC2-mediated adaptive 

immune activation. ILC2s are capable of presenting antigens, and MHCII expression has been 

detected on ILC2s (Oliphant et al. 2014; Mirchandani et al. 2014) and shown to activate CD4+ T-cells 

(Mirchandani et al. 2014). In the context of N.brasiliensis infection, MHCII expression on ILC2s was 

instrumental for IL-13-dependent helminth expansion. Furthermore, costimulatory signalling 

molecules CD80 and CD86 on ILC2s also contribute to Type 2 cytokine expression (Oliphant et al. 

2014). ILC2s also express PD-L1 and activated ILC2s upregulate PD-L1 expression (Schwartz et al. 

2017).  Crucially, PD-L1-PD-1 interactions were demonstrated to favour CD4+ T-cell TH2 polarisation 

in vitro and in vivo. OX40L-OX40 interactions between ILC2 and CD4+ T-cells were first demonstrated 

to influence Type 2 responses, as an anti-OX40L blocking antibody blunted Type 2 cytokine 

production in vitro (Drake, Iijima, and Kita 2014). A clearer role of OX40-OX40L signalling between 

ILC2 and CD4+ T-cells was demonstrated in allergic airway inflammation in vivo (Halim et al. 2018). 

Specifically, OX40L on ILC2s and OX40 on CD4+ T-cells were necessary to promote adaptive TH2 and 

Treg responses to IL-33. Thus, multiple receptor-ligand interactions facilitate ILC2-mediated 

activation of adaptive immune responses in the lung. 

  IL-33, IL-25 and TSLP are the prototypical alarmins that activate ILC2s to contribute to lung 

inflammation (McKenzie 2014; M. J. Schuijs and Halim 2018). These are typically released upon the 

damage of epithelial cells, and their role in ILC2 activation in allergic inflammation has been 

extensively studied (Schuijs and Halim 2018). Several cytokines and ligands are now shown to 

influence ILC2 activation in the context of lung inflammation. ILC2s produce IL-9, which acts in an 

autocrine loop to support both ILC2 accumulation and cytokine function during helminth function 

(Turner et al. 2013). IL-4 derived from basophils also support ILC2 induction of eosinophilic 

inflammation in the cysteine-protease model of inflammation (Motomura et al. 2014). Interestingly, 

the combination of IL-4 and IL-2 was observed to better induce ILC2 proliferation compared to the 

combination of IL-33 and IL-2, suggesting that IL-4 is a potent inducer of ILC2 function (Motomura et 

al. 2014). Alongside IL-33, TGFβ is an important cofactor for optimum ILC2 activation in the house 

dust mite (HDM)-induced model of allergic lung inflammation. HDM-induced TGFβ release promoted 

the accumulation of ILC2s specifically, but not TH2 cells. Notably, TGFβ functions as a chemokine to 

attract ILC2s expressing the TGF-βRII receptor (Denney et al. 2015). In terms of ILC2 suppression, 

ILC2s can be suppressed by neutrophil-derived G-CSF, which functions to inhibit their production of 

Type 2 cytokines (Patel et al. 2019). The TL1A receptor DR3 is expressed on ILC2, and TL1A-DR3 

signalling is shown to enhance ILC2 accumulation and allergic inflammation upon the treatment with 

OVA and papain (Hergen Spits and Mjösberg 2022). Interestingly, studies with DR3-deficient mice 

show that DR3 signalling is necessary for papain-induced allergic inflammation, but not in the case of 
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helminth or fungal infection. Thus, the relevance of certain ILC2 activating signals appears to be 

context-dependent. The receptor Chemoattractant receptor-homologous molecule expressed on 

TH2 cells (CRTH2) is also expressed on ILC2s, and accumulation of ILC2s and Type 2 immune 

response in the context of helminth infection was shown to be dependent on CRTH2 signalling 

(Wojno et al. 2015). This CRTH2 signalling axis is also observed in humans. Of note, CRTH2 is now a 

widely used marker for ILC2s in humans (Wojno et al. 2015).  

  The nervous system and metabolic factors are also demonstrated to modulate lung ILC2 function. 

ILC2s express the neuromedin U receptor (NMUR), which enhances ILC2-driven allergic lung 

inflammation (Wallrapp et al. 2017) upon binding to NMU. In the HDM model, IL-25 synergises with 

NMU to expand IL-25-responsive iILC2. In contrast, a different neuropeptide Calcitonin gene-related 

peptide (CGRP) restricts ILC2 response and Type 2 immunity (Nagashima et al. 2019). Finally, the role 

of metabolites in regulating lung ILC2s was recently reviewed (Spits and Mjösberg 2022). For 

instance, the short-chain fatty acid (SCFA) butyrate was shown to inhibit Type 2 cytokine production 

by ILC2s and reduce airway hyperreactivity (Thio et al. 2018). In all, ILC2 function in allergic airway 

inflammation is regulated by a myriad of factors within the local lung tissue microenvironment. 

 

1.5.2 ILC2s in viral, bacterial, and chronic obstructive pulmonary disease 

  Apart from Type 2 immunopathology, ILC2s have also been implicated in viral infections. RSV 

infection induces TSLP-dependent activation of ILC2s in the lung, leading to upregulation of IL-13 and 

airway hyperreactivity (Stier et al. 2016). In neonatal mice, rhinovirus infection leads to IL-25 

production and ILC2-dependent airway hyperresponsiveness (Hong et al. 2014). Furthermore, ILC2s 

can mediate wound healing responses after viral infection, and this will be further discussed in the 

next chapter. Thus, despite the prototypical role of ILC2s as master regulators of Type 2 

immunopathology, they can also exert an influence on Type 1 immunopathology. 

  Viral-induced Type 1 immunity is capable of inhibiting Type 2 immune responses. Specifically, Type 

1 and 2 interferons associated with Type 1 immune responses have been demonstrated to suppress 

ILC2 function. In the Influenza A virus (IAV) mouse model, IFNAR-deficient mice that lacked Type 1 

IFN signalling presented exacerbated epithelial hyperplasia and thickening of the alveolar wall, which 

is associated with ILC2 function (Duerr et al. 2016). Interferon beta (IFNβ) was observed to directly 

regulate mouse and human ILC2s, as IFNβ blunted IL-33 mediated proliferation and cytokine release 

in vitro. This was mediated by the interferon stimulated gene ISGF3.  
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  IFNγ release induced by bacteria or viral infections also restrains ILC2 function. In the H1N1 CA04 

model of influenza, blocking IFNγ signalling resulted in increased ILC2 function, enhanced Type 2 

immune response, and reduced immunopathology and epithelial lung tissue damage (Califano et al. 

2018). This is in line with literature demonstrating the role of IFNγ in dampening ILC2 function and 

Type 2 immune responses (Moro et al. 2015; Duerr et al. 2016). Alongside viruses, bacteria-induced 

IFNγ also appears to suppress Type 2 ILC2. In the model of N.brasiliensis infection, coinfection with 

Listeria monocytogenes, which is a potent inducer of IFNγ, led to reduced accretion of ILC2, reduced 

IL-5 production by ILC2s, reduced eosinophilia and a reduction in Tregs (Molofsky et al. 2015).  

  The suppression of ILC2 function has also been demonstrated in chronic obstructive pulmonary 

disease (COPD). COPD is a chronic inflammatory lung condition characterised by obstructed airflow 

to the lung. Smoking is considered the leading cause of COPD, and exacerbations are linked to viral 

or bacterial infection (Kearley et al. 2015). While IL-33 release was critical in viral-exacerbated COPD 

infection in mice, IL-33 influenced macrophage and NK cell function to enhance Type 1 responses 

(Kearley et al. 2015). Crucially, IL-33-induced ILC2 activation was suppressed via cigarette smoke, 

skewing the inflammatory profile towards a Type 1-like response (Jing Chen et al. 2016; Chung et al. 

2016; Meziani et al. 2018).  

  Finally, it is interesting to consider the interactions between lung ILC2s and the microbiota. Given 

the interactions of the microbiota and the lung immune system in maintaining pulmonary immunity 

(Lloyd and Marsland 2017), it is likely that ILC2s mediate tolerance and immunity to the lung 

microbiota in some way. Notably, in the context of the stomach, it has been demonstrated that 

commensal bacteria support ILC2 induction of humoral immune responses (D. Li et al. 2014). More 

work is needed to see if an ILC2-mediated humoral response induced by bacteria is present in the 

lung. 

 

1.5.3 ILC2s in lung fibrosis and wound healing 

  A landmark paper in 2011 demonstrated for the first time the role of ILC2s in mediating wound 

healing responses in the lung (Monticelli et al. 2011). ILC2s were accumulated in response to 

influenza viral infection, and the depletion of ILC2s diminished lung function and wound healing 

responses. Crucially, this was dependent on ILC2-derived amphiregulin, which was able to restore 

airway integrity after influenza infection even in the absence of ILC2s (Monticelli et al. 2011). 

  Apart from wound healing responses, ILC2s are also implicated in various pulmonary fibrosis 

models. Injection of Schistosoma mansoni eggs induced collagen deposition within the lung, which 
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was significantly reduced in ILC2-deficient mice (Hams et al. 2014). Furthermore, enrichment of 

ILC2s and IL-25 was present in BAL fluid of patients with idiopathic pulmonary fibrosis (IPF), 

suggesting that an IL-25-ILC2 axis could be present, even though this relationship has not been 

explicitly demonstrated. ILC2s also contribute to bleomycin-induced lung fibrosis. ST2-/- mice lack IL-

33 signalling and experience reduced ILC2 numbers and are protected from bleomycin-induced lung 

fibrosis (Li et al. 2014). Crucially, the adoptive transfer of ILC2s into control mice exacerbated 

bleomycin-induced lung fibrosis, highlighting a supportive role of ILC2S in promoting fibrosis.  

  The mechanisms regulating ILC2 pro-fibrotic function are gradually elucidated. The RNase Regnase-

1 restrains ILC2 proliferation and activation to restrict fibrosis. In bleomycin-treated mice, the 

transfer of ILC2s from Regnase1-deficient mice displayed exacerbated fibrosis compared to mice 

transferred with WT ILC2s (Nakatsuka et al. 2020). More recently, a TGFβ1–Neuropilin-1 (Nrp1) axis 

was reported to enhance ILC2 function via the upregulation of the ST2 receptor, leading to enhanced 

bleomycin-induced lung fibrosis (Zhang et al. 2022) . Notably, Nrp1 expression in ILC2s is specific to 

lung ILC2s as ILC2s in other tissues displayed minimal expression on Nrp1, and this could be a 

promising target to suppress lung ILC2 function while sparing ILC2s in other tissues. Nevertheless, 

the mechanisms underlying the response of ILC2s in wound-healing and fibrosis are yet to be fully 

understood. Notably, the signals that differentiate wound-healing and fibrotic responses of ILC2s are 

unknown and this remains an area of further work. 
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1.6 ILC2s in cancer 

  While our understanding of ILC2s has come predominantly from studying them in the context of 

Type 2 inflammation, less is known about the role of ILC2s in cancer. Crucially, ILC2s display 

apparently contradicting functions to both inhibit and promote tumour growth depending on the 

tissue. It is likely that their function depends on the local microenvironment and the tissue in 

question. Here, I review some of the literature looking at ILC2s in the cancer context. 

 

1.6.1 Anti-tumour role of ILC2s 

  One of the earliest reports studying the role of ILC2s cancer was published in 2012, where an anti-

tumour function of ILC2 in the B16 model of lung metastasis was demonstrated (Ikutani et al., 2012). 

These IL-33-responsive ILC2s were observed to produce IL-5 in the lungs via the use of IL-5/Venus 

reporter mice. Though no direct link between ILC2-induced IL-5 production of eosinophil was 

demonstrated, an anti-tumour function of ILC2 via the recruitment of eosinophils was proposed. 

  The anti-tumour function of ILC2s has also been reported in subcutaneous cancer models. Using an 

IL-33-expressing EL-4 lymphoma lung cell cancer cell, it was demonstrated that IL-33-mediated 

inhibition of tumour growth was dependent on ILC2s, as adoptively transferred ILC2s to Rag-/-IL2rg-/- 

mice was necessary to induce anti-tumour function (Kim et al., 2016). This was dependent on IL-33 

induced activation of ILC2s, stimulating the production of CXCR2 ligands CXCL1 and CXCL2, which 

signal through CXCR2 on tumour cells to induce their apoptosis.  

  In 2020, an IL-33-ILC2 anti-tumour axis activating tissue-specific immunity in the context of PDAC 

was reported (Moral et al. 2020). In this model, ILC2s were observed to infiltrate the tumour 

microenvironment, and treatment with IL-33 led to the accumulation of ILC2 alongside CD8+ T-cells, 

contributing to anti-tumour immunity. Specifically, ILC2 production of CCL5 favoured the 

recruitment of CD103+ DCs, which promoted CD8+ T-cell anti-tumour activity. The report also 

demonstrated that ILC2 expressed the immune checkpoint receptor PD-1, and concomitant 

administration of IL-33 and anti-PD1 blocking antibody significantly reduced pancreatic tumour 

burden (Moral et al. 2020). This provided evidence that immunotherapeutic approaches targeting 

ILC2s could be employed to improve cancer outcomes. However, excessive IL-33 exposure was 

performed in this model to induce ILC2 activation, which is not representative of the actual 

microenvironment in PDAC. 

  The anti-tumour function of ILC2 in the context of lung cancer has also been reported (Saranchova 

et al. 2018). In this report, lung-derived IL-33-expressing TC1 and non-IL-33-expressing A9 cells were 
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used. Using a model of ILC2-deficiency where Rorα-/- mice are transplanted with WT bone marrow 

cells, ILC2-deficient mice displayed an increase in tumour burden when implanted with IL-33 

expressing TC1 tumour cells. Crucially, this effect was not observed in non-IL-33-expressing A9 

tumour cells, even though the trend was replicated when exogenous IL-33 was introduced. An 

increased spread to distal organs, including the lung (Saranchova et al. 2018), was also observed in 

ILC2-deficient mice. Finally, an ILC2-DC axis mediating anti-tumour activity was proposed, even 

though this was only demonstrated in vitro using a prostate cancer cell line. 

 

1.6.2 Pro-tumour role of ILC2s 

  The bulk of ILC2-related literature in cancer suggest that ILC2 function to support cancer growth. 

This is unsurprising given that Type 2 immunity is typically associated with pro-tumour responses 

and ILC2s play a central role in promoting Type 2 immune responses. 

  A study in 2014 was one of the earliest postulating a pro-tumour function of ILC2 in cancer. In the 

4T1 orthotopic model of triple negative breast cancer, 4T1 breast cancer cells produced IL-33 and 

exogenous IL-33 challenge accelerated primary tumour progression and facilitated an increase in 

metastatic dissemination to the lung and liver (Jovanovic et al. 2014). This was accompanied by a 

concomitant increase in immunosuppressive CD11b+CD11c-Gr-1+ MDSCs, immature DCs, IL-10-

producing Tregs and ILC2s. While a direct link between ILC2s and increased tumour burden was not 

established, it was hypothesised that IL-13 release by ILC2 supports MDSCs production of nitric oxide 

synthase and arginase to maintain an immunosuppressive tumour microenvironment. In human 

breast cancer, malignant tissue displayed a higher percentage of ILC2s compared to benign tissues 

(Salimi et al. 2018). In addition, ILC2s in malignant breast cancer tissues showed a higher MHCII and 

KLRG1 expression, suggesting an activated phenotype, even though the significance of this is 

unclear. Notably, comparison of malignant tissue to benign tissue was not performed.  

  Further evidence of an ILC2-MDSCs axis involved in the promotion of tumour growth has been 

discovered in other cancers. ILC2s were reportedly upregulated in peripheral blood of patients 

diagnosed with acute promyelocytic leukaemia (APL), and this was accompanied by an increase in 

serum concentration IL-13 attributed to ILC2s (Trabanelli et al. 2017) . APL tumour cell-derived 

Prostaglandin D2 (PGD2) activates ILC2 via interaction with the receptor CRTH2. In addition, B7H6-

NKP30 interactions contribute to ILC2 function. ILC2-derived IL-13 recruits MDSCs, which then 

favours an immunosuppressive environment for tumour growth. ILC2 and IL-25 were also observed 

to be associated with primary colorectal cancer in the Apc1322T/+ mouse model of intestinal 

tumourigenesis (Jou et al. 2022). IL-25 is implicated in the development of intestinal tumours, as 
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exogenous IL-25 promotes tumour development alongside the accretion of ILC2s, and IL-25-

deficiency increases survival of Apc1322T/+ mouse. Crucially, ILC2s supports cancer development as 

ILC2-deficient Il7rαCre/+Rorαfl/fl Apc1322T/+ mice had reduced tumour burden and improved life 

expectancy. Similar to the APL model, ILC2s promoted the recruitment of MDSCs via IL-13 and IL-4. 

In addition, they demonstrate that MDSC suppresses anti-tumour immunity, in part via the reduction 

of IFNγ production by CD8+ T-cells (Jou et al. 2022). 

  The ILC2-MDSC axis is also purported to play a role in bladder and prostate cancer. ILC2s were 

observed to be enriched in peripheral blood of prostate cancer, and MDSCs were observe to 

accumulate in a preclinical mouse model of prostate cancer (Trabanelli et al. 2017). In human 

bladder cancer, a low local T-cell/MDSC ratio was strongly associated with bladder tumour 

recurrence (Chevalier et al. 2017). In addition ILC2 was the most dominant ILC subset in urine of 

patients. However, these observations solely demonstrate correlation and it remains to see if such 

an axis is present in these cancers. 

  The majority of literature investigating the role of ILC2s in lung cancer suggest that they exert pro-

tumourigenic function. We recently reported an ILC2-eosinophil-NK cell immune axis that promotes 

lung metastasis (Schuijs et al. 2020). Specifically, allergen-induced IL-33 activates lung ILC2s, leading 

to IL-5 mediated recruitment of eosinophils. The influx of highly glycolytic eosinophils perturbs NK 

cell metabolism, which compromises NK cell anti-tumour activity. Notably, we also demonstrate 

increased lung metastasis in the 4T1 model of breast cancer upon IL-33 administration, supporting a 

pro-tumour of ILC2s in metastasis of breast cancer as previously reported (Jovanovic et al. 2014). 

Others have also reported a role of ILC2s in restraining NK cell anti-tumour function, as ILC2s have 

also been reported to restrain NK cell anti-tumour immunity via direct CD39-CD73 interactions (Long 

et al., 2018). Similar to our findings, a later publication demonstrated a role of ILC2s in promoting 

lung metastasis in the B16 melanoma model of lung metastasis (Howard et al. 2021), which was one 

of the models we utilised. The authors reported the expression of PD-1 on ILC2 in tumour-bearing 

lungs, and blocking PD-1 on ILC2s promoted TNFα production that facilitated tumour apoptosis. In 

human lung cancer, an increase in the frequency of ILC2s in PBMC compared to healthy controls 

were observed, alongside elevated levels of IL-33 expression (Wu et al. 2017). Elevated levels of 

Type 2 cytokines were also observed, supporting the notion that enhanced Type 2 immunity is 

associated with worse prognosis for most cancers. Notably, an increase in MDSCs was also observed, 

suggesting that an ILC2-MDSC axis could also be present within lung cancer. Figure 1.3 summarises 

the literature investigating the pro and anti-tumour role of ILC2s in cancer. 
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Figure 1.3 Summary of pro-tumour and ant-tumour effects of ILC2s in literature. ILC2 release of IL-5 activates eosinophils, 

which could either exert anti-tumour function or promote tumour growth via inhibiting NK cell function. ILC2s also inhibit 

NK cell function by direct CD39-CD73 interaction. ILC2s also promote MDSC function to inhibit anti-tumour function of 

CD8+ T-cells. ILC2s can also promote anti-tumour function via promoting CD8+ T-cell function via recruitment of DCs or by 

releasing CXCL1 or CXCL2 to induce apoptosis in tumour cells. 
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1.7 Aims and Hypothesis 

  Radiotherapy-induced activation of the immune response plays a key role in driving local and 

systemic anti-tumour immunity. Nevertheless, it is still not fully understood how radiotherapy 

modulates the immune microenvironment in lung cancer. ILC2s are a tissue-resident population of 

immune cells in the lung and they play an extensive role in mediating innate and adaptive Type 2 

immunity. However, it is still not clear if this is also the case in the context of lung cancer, or if 

radiotherapy induces ILC2 activation. Hence, the aims of this thesis are as follows; 

1. Characterise the response of ILC2s to targeted lung radiotherapy 

2. Understand the response of the lung immune microenvironment to radiotherapy in the 

context of lung cancer 

3. Establish a more refined in vivo model to study the immune-regulatory role of ILC2s in 

primary lung cancer 
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Chapter 2: Materials and Methods 

 

2.1 In vivo animal studies 

  Wild type C57BL/6J (WT) mice were purchased from Charles Rivers Laboratories and housed in the 

Cancer Research UK Cambridge Institute (CRUK-CI) animal facility under specific pathogen-free 

conditions. Il33cit/cit, Il33cit/+, Il7rαCre/+, Il7rαCre/+Rorαfl/fl, Il7rαCre/+Tnfsf4fl/fl, Rag2-/-, Rag2-/-Il2rg-/-, Rag2-/- 

OT-I and KrasLSL-G12D/+Trp53fl/fl (KP) mice were bred in-house and maintained in the CRUK-CI facility. 

All mice were of the C57BL/6 background and housed in the CRUK-CI were kept between 19 and 

23oC with 45-65% humidity and a 12-hour light-dark cycle. Age-matched female mice between 7-12 

weeks were used for all experiments. All animal work was conducted in accordance with the project 

licenses PD7484FB9 and PD993249 under the UK Home Office guidelines. All mice were sacrificed by 

Schedule 1 methods of either cervical dislocation or by rising concentration of CO2, followed by a 

secondary method of confirmation. 

 

2.2 In vivo experiments 

  Mice were anesthetised by isoflurane inhalation, followed by administration of mouse recombinant 

IL-33 (0.2μg, BioLegend, 12022-09) and OVA (50μg, Invivogen, vac-pova) in 40μl of PBS. For the 

treatment of KP mice, 2.5 x 107 PFU Adenoviral Cre (University of Iowa Viral Vector core) in 40μl of 

DMEM was administered intranasally in Containment level 2 conditions. IL-33R-Fc (10mg/kg, 

AstraZeneca) and anti-NK1.1 (50μg, Bio X cell, BE0003-1) were administered in 200μl of PBS 

intraperitoneally. 

 

2.3 Tumour cell lines and tumour models 

  B16F10, B16F10-OVA (mCherry), B16F10-Luciferase, LL/2 Lewis Lung carcinoma, inducible OVA-

expressing B16F10 (B16F10-iOVA) and derived KP (dKP) cells were tested negative for Mycoplasma 

and authenticated by short tandem repeat profiling. All tumour cells of the B16F10 background and 

LL/2 Lewis Lung carcinoma were grown in DMEM (ThermoFisher, 41965039) with 10% FCS and 

100U/ml pencillin, 100μg/ml streptomycin (P/S) , while dKP cells were grown in RPMI 1640 

(ThermoFisher, 21875034) with 10% FCS and P/S.  All tumour cells were detached using 0.05% 

Trypsin-EDTA (ThermoFisher, 25300054), washed in PBS and resuspended in an appropriate volume 

before injection into mice. 1 × 105 cells for all cell lines in the B16F10 background and 1 × 106 of dKP 

cells were injected intravenously for the establishment of lung metastasis. At end point, lung 
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metastatic nodules were quantified by counting under a dissection microscope and lungs were 

collected for further processing.  

  In the subcutaneous model, 5 × 105 dKP were injected in 50μl of PBS into the right flank of mice. 

Protocol for the orthotopic injection of tumour cells was adapted from (Justilien and Fields 2013). 

Tumour cells were prepared by resuspending cells at a concentration of 1 × 105 dKP cells/10μl of 

matrigel diluted in PBS in a 1:1 ratio. Mice were first anaesthetised in an isoflurane chamber and 

anaesthesia was confirmed via a tail-pinch test. Anaesthetised mice were transferred onto a heating 

pad, kept on anaesthesia via a nose cone, and placed on the right lateral decubitus position. Hair 

covering the thorax region was shaved off to expose the skin, which was cleaned with Hibiscrub 

(Mölnlycke, 10009249) to reduce chances of infection. Tumour cell suspension was drawn into a 1ml 

syringe equipped with a 30-G hypodermic needle. The needle was advanced rapidly to a depth of 

approximately 5-7mm into the left lobe of the lung, approximately between the 4th to 8th rib, and 

10μl of tumour cell suspension was injected. Upon removal of the needle, mice were kept on the left 

lateral decubitus position in a 37oC heating chamber and allowed to recover before transferring 

them back to their original cages. Mice were monitored daily for clinical signs (i.e weight loss, 

piloerection, lethargy) and tumour-bearing lungs were harvested at the appropriate time points. For 

optimisation experiments aiming to reduce leakage of tumour cells in the orthotopic model, LL/2 

cells were prepared by resuspending cells at a concentration of 2 x 103 cells/5μl of matrigel diluted in 

PBS in a 1:1 ratio. A specialised glass syringe (Hamilton, 20701) equipped with the same 30-G 

hypodermic needle was used to inject 5μl of tumour cell suspension. 

 

2.4 Targeted radiotherapy 

  The Xstrahl Small Animal Radiation Research Platform (SARRP) was used for all mouse treatments. 

Each mouse was kept anaesthetised on a mobile platform with isoflurane via a nose-cone connected 

to an external isoflurane source. Cone-beam CT was performed on all mice prior for treatment 

planning. CT images were obtained with a 60kVp and 0.8mA uncollimated beam. During the 

acquisition of CT images, the platform was rotated 360o and projections were acquired at 1o 

increments, with a total of 360 projections acquired at a rate of 6 projections/second. Muriplan 

software was used to select the targeted region of interest, and dose calculation was performed 

with the Monte Carlo algorithm. Targets were selected such that only the left lung was targeted, 

sparing the remaining lung lobes (see Results). A single beam of 220kV and 13mA was used for the 

targeted irradiation of all mice. For the 15Gy single dose regimen, a fixed 5 x 5mm collimator was 

used. For the 8.5Gy X 2 fractionated dose, a variable collimator adjusted to 8 x 5mm was used.  
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2.5 Single-cell preparation 

  Lung tissues were finely chopped with scissors and digested in 2ml of RPMI containing collagenase I 

(500U/ml, Life Technologies, 17100-017) and DNase I (0.2mg/ml, Sigma-Aldrich, DN25-1G) for 45 

minutes at 37oC on a shaking incubator (220 r.p.m). Digested lungs were filtered through a 70μm 

filter and subjected to 30% Percoll (Sigma-Aldrich, GE17-0891-09) centrifugation gradient, followed 

by treatment with red blood cell lysis buffer (1ml, 3 minutes, room temperature). Cells were spun 

and resuspended in 1ml of PBS to obtain single-cell suspension.  

 

2.6 Cell line generation 

  B16F10 cells were transfected with the transposase-encoding PB7 vector (Yusa et al. 2011) and an 

inducible OVA (iOVA) vector carrying a doxycycline-sensitive OVA-expressing construct (see Results) 

using Lipofectamine 2000 (ThermoFisher, 11668030). Cells were kept and passaged for 2 weeks in 

selection media (DMEM 10% FCS, P/S, 2μg/ml puromycin, 1μg/ml tetracycline). Surviving stably 

transduced cells were expanded and sorted by fluorescence-activated cell sorting (FACS) with the BD 

FACS Aria II. Individual GFP+ cells were sorted at 1 cell/well in a 96-well plate and kept on selection 

media. Individual clones were screened for GFP with the MACSQuant VYB (see Results), and selected 

and expanded in selection media. Successfully amplified clones were frozen in 90% FCS/10% 

diemthyl sulfoxide (DMSO) freezing media. 

The protocol for the generation of dKP cells was adapted from (Kasinski and Slack 2013). 10 weeks 

post-Cre treatment, KP mice were sacrificed by overdose of CO2 and lungs were perfused with 10ml 

of cold PBS. Lungs were rinsed 4 times in PBS and minced until no large pieces were present, 

followed by addition of an equal volume of RPMI supplemented with 1mg/ml collagenase/dispase 

(Roche, 10269638001). The mixture was incubated for 1 hour at 37oC in a 5% CO2 chamber. Cells 

were removed intermittently from the top half of the supernatant every 10-15 minutes. Pooled 

supernatants were spun and the pellet was resuspended in RPMI 10% FCS media. Cells were 

transferred to 10cm sterile cell culture dishes coated with collagen (Bovine-Fisher, 50-260-230) and 

fibronectin (ThermoFisher, PHE-0023) and kept at 37oC in a 5% CO2 chamber. After 3 passages, 

individual epithelial-looking colonies were picked using a pipette and transferred to 96-well plates. 

Individual clones were gradually expanded in RPMI 10% FCS on non-coated plates. Validation of 

colonies was done by flow cytometry with the antibodies CD45-BV510, CD31-BV605 and EpCAM-

BV711 (Table 1). Amplified clones have successfully propagated up to 15 passages and were frozen 

in 90% FCS/10% DMSO freezing media. 
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2.7 GFP expression assay  

  B16F10-iOVA cell lines were initially cultured on 6-well plates in the absence of tetracycline. Cells 

were transferred to 1μg/ml tetracycline-containing media or removed from tetracycline-containing 

media at the appropriate time points indicated in the results. Cells were passaged when 95-100% 

confluence was reached. Monitoring of GFP expression was performed using the MACSQuant VYB.  

 

2.8 Cytotoxicity assay 

  Activated OVA-specific OT-I T-cells were obtained from the spleens of Rag2-/- OT-I mice. Briefly, 

spleens were first mashed through a 70μm cell strainer, centrifuged and resuspended in 40ml RPMI 

10% FCS with + 50IU/ml IL-2 (Peprotech, 200-02) + 10nM SIINFEKL peptide (InvivoGen, vac-sin). Cells 

were kept in culture and expanded for up to 4 days to obtain activated OT-I T-cells. Activated OT-I 

cells were labelled with CFSE (ThermoFisher, C34554) at 1:1000 dilution and co-cultured with 

B16F10, B16F10-OVA or B16F10-iOVA cells with or without tetracycline in a 5:1 ratio. Annexin V dye 

(Satorius, 4641) was added to the co-culture to a final dilution of 1:200 to detect apoptotic cells. Co-

cultures were imaged with the IncuCyte ZOOM and images were obtained every 15 minutes up to 22 

hours. Quantification of tumour cell killing was performed with the IncuCyte ZOOM software. 

 

2.9 Flow cytometry 

  The complete list of antibodies and fluorescent conjugates are shown in Table 1, and the gating 

strategy used to identify lymphoid and myeloid cells are shown in Figure 2.1 and 2.2 respectively. 

The gating strategy for ILC2s can be found in the Results section. Single cell suspensions were 

prepared as per chapter 2.5. A tenth of the total single cell suspension were incubated with the 

appropriate antibodies alongside side CD16/32 to block Fc receptors. The lineage cocktail for the 

lymphoid panel consisted of the following: CD5, CD19, F4/80, CD11b, CD11c, FcεRIa, Gr-1 and 

Ter119. The lineage cocktail for the myeloid panel consisted of the following: CD5, CD19, CD3, NK1.1 

and B220. All lineage antibodies were conjugated to eF450. Intra-nuclear staining to detect 

transcription factors was done with the Foxp3/Transcription Factor Staining Buffer Set Kit 

(ThermoFisher, 00-5523-00). Intracellular staining to detect cytokines was performed using the 

Cytofix/Cytoperm kit (BD, 554714). For intracellular cytokine detection, single cells were stimulated 

with PMA and ionomycin plus protein transport inhibitor (ThermoFisher, 00-4975-03) at 1X 

concentration in RPMI 10% FCS for 3 hours at 37oC. For the staining of OVA-specific CD4+ T-cells, I-

A(b) HAAHAEINEA PE-labelled tetramers (NIH tetramer core facility) were incubated with single cell 
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suspensions at 37oC for 2 hours. Cells were analysed on the BD LSR Fortessa or BD FACS Symphony 

flow cytometers, and cell numbers were enumerated with CountBright beads (ThermoFisher, 01-

1234-42). Analysis was performed using FlowJo X (FlowJo LLC).  

 

2.10 IVIS imaging 

  A 15mg/ml D-luciferin solution (Perkin Elmer, 122799) was injected intraperitoneally in mice 

bearing B16F10-Luciferase tumour cells. Mice were weighed prior to injection and 10μl of D-luciferin 

was injected per gram of body weight. Mice were sacrificed 5 minutes after injection, dissected and 

imaged with the IVIS spectrum (Xenogen). Total photon emission from the left and right lung lobes 

was quantified separately with the Living Image software package (Xenogen).  

 

2.11 Histology  

  Lung lobes and lung tumours were fixed in 10% neutral buffered formalin for 24 hours and 

transferred to 70% ethanol for an hour and up to 3 days. Tissues were embedded in paraffin and 

sectioned into 3μm slices. Slices were stained with H&E, Masson’s Trichrome or Ki67. Slides were 

scanned with the Aperio AT2 scanner. Tissue embedding, sectioning, staining and scanning were all 

performed by the CRUK CI histology core facility. Scanned images were analysed using the HALO 

software (Indica Labs). 

  Quantification of tumour burden in the B16F10-OVA model of lung metastasis was done with a 

classifier tool on the HALO software. The software was trained to identify three features of tumour-

bearing lungs: glass slide, tumour tissue, lung tissue (Figure 2.3). Percentage tumour area of the left 

lung lobe or right lobes was calculated by dividing the tumour area by the combined tumour and 

tissue area.  

 

2.12 Statistics  

  Statistical analysis for experiments with only 2 groups were performed using unpaired two-tailed 

student’s t-test. Statistical analysis with more than 2 groups were performed using one-way ANOVA 

with Tukey’s or Dunnett’s test. Statistical analysis with grouped data of more than 2 groups were 

performed using two-way ANOVA with Sidak’s test. All statistical analysis was performed on Prism 8 

(GraphPad Software). Significance was calculated as ns = not significant, * = P ≤ 0.05, **= P ≤ 0.01, 

*** = P ≤ 0.001, **** = P ≤ 0.0001, with P ≤ 0.05 considered significant. 
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Figure 2.1. Lymphoid gating strategy. After the exclusion of counting beads, lymphocytes were gated based on their size profile and doublets were excluded via 2 consecutive size gates, 

followed by gating of CD45+ Live cells. B-cells were defined by expression of B220. B220- non-B-cells consisted of CD3-NK1.1+ NK cells and while CD3+NK1.1- cells consisted CD4+ and CD8+ T-

cells. Within the CD4+ T-cell population, Tregs and TH2 cells were defined via the expression of transcription factors Foxp3 and Gata3 respectively. 
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Figure 2.2. Myeloid gating strategy. After the exclusion of counting beads and debris via the B530/30 channel and size profile respectively, doublets were excluded via 2 consecutive size 

gates, followed by gating of CD45+ Live cells.  Lin+ cells were excluded and neutrophils were identified by as Ly6G+CD64- cells, followed by expression of Ly6C and CD11b. After their 

exclusion, eosinophils were defined as SiglecF+CD11c- cells. Alveolar macrophages were defined as CD11b-SiglecF+CD11c+MHCII+ cells after the exclusion of eosinophils. Interstitial 

macrophages were defined as CD64+CD11b+MHCII+ cells after exclusion of alveolar macrophages, while monocytes were defined as CD11b+Ly6C+ cells after exclusion of interstitial 

macrophages. Finally, DCs were identified as CD11c+MHCII+ cells, and further sub-grouped into cDC1s or cDC2s via expression of XCR1 and SIRPα respectively.
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Table 2. Antibody list for flow cytometry. Complete list of antibodies and conjugated fluorophores (excluding tetramers) 

used for flow cytometry. 

Fluorophore Protein Clone Manufacturer  Catalogue 
number 

Dilution 

AF488 CD172a P84 ThermoFisher 144024 1:500 
AF488 Foxp3 FJK-16S ThermoFisher 53-5773-80 1:250 
PerCP-ef710 CD8 53-6.7 ThermoFisher 46-0081-82 1:500 
eF450 CD5 53-7.3 ThermoFisher 48-0051-82 1:2000 
eF450 CD19 1D3 ThermoFisher 48-0199-42 1:2000 
eF450 CD3e 145-2C11 ThermoFisher 48-0031-82 1:2000 
eF450 NK1.1 PK136 ThermoFisher 48-5941-82 1:2000 
eF450 B220 RA3-6B2 ThermoFisher 48-0452-82 1:2000 
eF450 CD11b M1/70 ThermoFisher 48-0112-82 1:2000 
eF450 CD11c N418 ThermoFisher 48-0114-82 1:2000 
eF450 Gr-1 RB6-8C5 ThermoFisher 48-5391-82 1:2000 
eF450 Ter119 TER-119 ThermoFisher 48-5921-82 1:2000 
eF450 F4/80 BM8 ThermoFisher 48-4801-82 1:2000 
eF450 FcεRIa MAR-1 ThermoFisher 13-5898-82 1:2000 
BV510 CD45 30-F11 BioLegend 103138 1:500 
BV605 CD31 390 BioLegend 102427 1:500 
SB600 SiglecF 1RNM44N ThermoFisher 63-1702-82 1:500 
BV650 RORyt Q31 378 BD 563424 1:500 
BV650 XCR1 ZET BioLegend 148220 1:500 
BV711 CD64 X54-5/7.1 BioLegend 139311 1:250 
BV711 EpCAM G8.8 BioLegend 118233 1:500 
BV785 CD11b M1/70 BioLegend 101243 1:500 
BV785 IFNγ XMG1.2 BioLegend 505838 1:250 
BUV395 MHCII (I-A/I-E) CI2G9 BD 743876 1:2000 
BUV395 NK1.1 PK136 BD 564144 1:500 
UV455 Live/Dead 

(Fixable) 
- ThermoFisher 65-0868014 1:500 

eF660 Gata3 TWAJ ThermoFisher 50-9966-42 1:250 
APC CD86 B7-2 ThermoFisher 17-1341-82 1:250 
AF700 CD4 RM4-5 BioLegend 300526 1:500 
AF700 CD11c N418 BioLegend 337219 1:500 
APC-ef780 B220 A3-6B2 ThermoFisher 47-0452-82 1:500 
PE CD80 B7-1 ThermoFisher 12-0801-81 1:250 
PE IL-13 13A ThermoFisher 12-7133-82 1:250 
PE OX40L RM134L ThermoFisher 12-5905-82 1:250 
PE-CF594 CD127 SB/199 BD 562419 1:500 
PE-eF610 Ly6G 1A8-Ly6G ThermoFisher 61-9668-82 1:1000 
PE-Cy7 CD3e 145-2C11 ThermoFisher 25-0031-82 1:500 
PE-Cy7 Ly6C HK1.4 ThermoFisher 25-5932-82 1:2000 
- CD16/32 - BioLegend 101320 1:500 

 

 



41 
 

  
Figure 2.3. Trained HALO classifier for the quantification of lung tumours. The HALO classifier was used to identify 3 
distinct regions on the Ki67-stained slide: tumour tissue, lung tissue and glass.  
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Chapter 3: Characterising ILC2 response to targeted lung 

radiotherapy 

 

3.1 Introduction 

  It is widely appreciated that radiotherapy induces changes within the immune microenvironment of 

the irradiated tissue. I discussed previously the role of radiotherapy in inducing pro-tumour or anti-

tumour responses by modulating the immune system. Whilst radiotherapy is typically used to target 

cancer cells within the tissue, an understanding of how radiotherapy modulates immune cells within 

the lung microenvironment could provide insight into how these neighbouring immune cells respond 

to radiotherapy. As previously discussed, an improved understanding of radiotherapy-induced 

immune interactions has allowed for improved treatment outcomes in radiotherapy-immunotherapy 

combinational therapy (Formenti et al. 2018).  

  Furthermore, in the context of the lung, radiation-induced pneumonitis and fibrosis are typical side-

effects that occur due to the irradiation of bystander non-tumour tissues (Tsoutsou and Koukourakis 

2006; Lierova et al. 2018). Whilst the progression of pneumonitis and fibrosis is typically linked to 

changes in the extracellular matrix and collagen deposition, the immune system also plays a key role 

in therapy-induced side effects (Gieseck, Wilson, and Wynn 2018). Thus, understanding the response 

of immune cells typically associated with Type 2 inflammation, such as ILC2s, to lung radiotherapy 

could elucidate the role of these immune cells in radiation-induced lung injury as well. 

  Preclinical radiotherapy treatment platforms have greatly improved knowledge in the field of 

radiation oncology. Such platforms allow for the irradiation of small rodents, typically mice, which 

have served as excellent preclinical models. A key benefit of such systems is that they mimic clinical 

radiation settings, and can perform both pre-treatment CT scans, as well as subsequent 

administration of radiotherapy (Wong et al. 2008). This allows for improved targeting of specific 

tissues as scanned CT images serve as a template for treatment planning.  

  An example of such a platform is the Small Animal Radiation Research Platform (SARRP).  This 

platform has been used in the literature to target tumours in various tissues i.e. lung, pancreas and 

skin (Herter-Sprie et al. 2014; Kalbasi et al. 2017; Sharabi et al. 2015). Notably, studies using such 

radiation platforms typically monitor treatment outcomes and responses, while the immune 

compartment is often neglected. Furthermore, whilst some of these studies look at the innate 

immune response, the bulk of literature focuses on adaptive immune responses, which are 

recognised for its importance in radiotherapy-induced anti-tumour responses (Spiotto, Fu, and 
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Weichselbaum 2016). Nevertheless, there is a lack of studies focusing on immunophenotyping the 

response to radiotherapy, and even less is done in the context of the lung. In addition, as an 

emerging new cell type, the response of lung ILC2s to radiotherapy has not yet been investigated.  

  In this chapter, I discuss the use of the SARRP in profiling the immune response to targeted 

irradiation of mouse lungs. Firstly, I sought to establish a model of targeted lung irradiation using the 

SARRP. Subsequently, I aimed to carefully characterize the local immune response to targeted lung 

irradiation, focusing on lung ILC2. Finally, to investigate the potential role of ILC2s on radiation-

induced lung fibrosis, I aimed to establish a model of lung fibrosis with the SARRP. 
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3.2 Results 

3.2.1 Establishing a model of targeted lung irradiation using the Small Animal Radiation 

Research Platform (SARRP) 

 
Figure 3.1 Method of targeted lung irradiation with the SARRP. (a) Mice are kept under anaesthesia and placed on a 
mobile platform within the SARRP. (b) Images from a CT scan showing 3 perspectives of an anaesthetised mouse obtained 
from the SARRP. A 3D reconstruction gives a combined view that allows for subsequent targeted irradiation. (c) The mouse 
lung contains 5 lobes in total, with the left lung composing a single left lobe (left). Targeted irradiation of the lung left lobe 
is achieved by selecting the region of interest in the scanned CT image. A 5 X 5mm region was targeted with a fixed 
collimator (right). 
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  To study lung-specific immune responses, a model of targeted lung irradiation was established with 

the SARRP. As briefly discussed, the SARRP allows for image-guided radiation therapy (IGRT) to be 

performed. Essentially, IGRT involves the initial imaging of the target tissue (in this case a CT scan), 

after which the scanned image is used as a guide for radiation treatment planning.  

  The SARRP contains a mobile platform where the mouse is kept throughout the entire procedure 

(Figure 3.1a). A nose cone is embedded at the tip of the platform, and this is attached to an 

isoflurane source that is kept separate from the SARRP unit. This ensures that the mouse remains 

anaesthetized and asleep throughout the procedure. The SARRP comprises a CT scan function, which 

gives a 3D image of the mouse (Figure 3.1b). 3 different perspectives are displayed on the treatment 

planning software alongside the combined 3D image. Each of these individual perspectives can then 

be used to determine the site of irradiation. Before irradiation, a central point known as the 

isocentre is selected based on the scanned CT image. This is the central point where the radiation 

beam passes. Because each mouse is of a different size, and the way each mouse is placed on the 

platform varies, a new CT scan was performed each time to ensure accuracy in selecting the region 

of irradiation.  

  After initial trials and optimisation studies, I decided to specifically target the left lung lobe. This 

was achieved using a fixed collimator of size 5 X 5mm. As seen from the sagittal perspective, the 

region targeted is specific to the left lung lobe and the remaining lobes are spared in this set-up 

(Figure 3.1c, right). Unlike most preclinical studies which utilise whole thorax irradiation as a model 

for lung radiotherapy, I decided to target a single lobe to increase specificity. In addition, the left 

lung lobe was selected as it is the solitary lobe on the left side of the mouse, as compared to the 

right side with 4 different lobes (Figure 3.1c, left). The SARRP is also equipped with a rotating 

collimator head, which allows for irradiation to be given in an arc instead of a single stationary 

beam. This mimics volumetric modulated arc therapy (VMAT), which is sometimes used in clinical 

lung radiotherapy to improve the efficiency of the radiation beam, and thus reduce treatment 

lengths. However, previous work has demonstrated that irradiating in an arc in this set-up resulted 

in the irradiation of non-target lung tissue. Thus, I decided to simplify the model by performing 

irradiation with a single stationary beam. Further technical details of the SARRP will be provided in 

the Materials and Methods. This irradiation setup will be used in subsequent experiments unless 

stated otherwise. 
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3.2.2 Immunophenotyping the response to targeted lung irradiation 

 
Figure 3.2 Lymphoid cell changes in response to targeted lung irradiation. (a) Mice were irradiated with 15Gy single dose 
irradiation and targeted left lung lobes were harvested 2 and 6 days post-irradiation. (b-m) Quantification of frequency and 
number of B-cells (n = 10, 10, 10), NK cells (n = 10, 5, 10), CD4+ T-cells (n = 10, 10, 10), CD8+ T-cells (n = 5, 5, 5), Tregs (n = 
10, 10, 10) and TH2 cells (n = 10, 10, 10) by flow cytometry. Bar graphs indicate the mean (± s.e.m) and data is combined of 
two independent experiments (b-g, j-m) or a single experiment (h-i). Each data point represents a biological replicate. 
Statistical significance was calculated using one-way ANOVA and Dunnett’s multiple comparison test, ns = not significant, 
**= P ≤ 0.01. 
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Figure 3.3 Myeloid cell changes in response to targeted lung irradiation. (a-n) Quantification of frequency and number of 
neutrophils, eosinophils, interstitial macrophages, alveolar macrophages, monocytes and dendritic cells by flow cytometry. 
(a-n) Bar graphs indicate the mean (± s.e.m) and n = 10 for each group and data is combined of two independent 
experiments. Each data point represents a biological replicate. Statistical significance was calculated using one-way ANOVA 
and Dunnett’s multiple comparison test, ns = not significant, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001. 
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  I started with a single dose of 15Gy to the lung and monitored immune responses 2 and 6 days 

post-irradiation (Figure 3.2a). I hypothesised that these selected time points would encapsulate 

observable changes in both the innate and adaptive immune responses respectively, and I studied 

both myeloid and lymphoid cell populations at both time points using flow cytometry analysis. 

Myeloid and lymphoid flow cytometry panels previously described in Materials and Methods were 

used to quantify immune cell numbers of major immune cell populations.  

  Figure 3.2b-m demonstrates the changes in lymphoid cell populations, including B-cells, total CD4+ 

and CD8+ T-cells, NK cells, Tregs and CD4+ TH2 cells. Immune cells were quantified as a frequency of 

total CD45+ leukocytes, as well as total cell numbers, and this will be used throughout the thesis. 

Interestingly, minimal changes in these lymphoid cell populations were observed. This was 

unexpected because radiotherapy is known to influence the immune microenvironment in tissues in 

different ways, including the depletion or recruitment of different immune cell types. Among these 

lymphoid cell populations studied, I only observed a significant increase in the frequency and 

number of TH2 cells. Notably, this increase in TH2 was only observed at 6 days post-irradiation, which 

is in line with the idea that adaptive immune responses induced by radiotherapy occur at later time 

points. 

  Figure 3.3 displays the changes in myeloid cell populations, specifically neutrophils, eosinophils, 

AMs, interstitial macrophages (IM), monocytes and DCs. Similar to the lymphoid compartment, most 

myeloid populations within the lung appear to remain stable after targeted irradiation. However, I 

observed the specific depletion of alveolar macrophages and both conventional DC1 and DC2 

subsets (cDC). (Figure 3.3h-i, k-m). This decline was observed to occur rapidly, as both frequency and 

number of these cells were observed to fall as early as 2 days post-irradiation. The decline was 

observed to persist at 6 days post-irradiation. In all, I demonstrate that targeted radiotherapy to the 

left lobe leads to minimal changes in the overall lung immune microenvironment and that these 

changes were quantifiable by flow cytometry. 

 

3.2.3 ILC2s are depleted and activated in response to targeted lung irradiation 

  With the establishment of the method of targeted irradiation, as well as validating the use of flow 

cytometry to quantify immune cell changes within the lung after irradiation, I focused on the 

response of ILC2s to targeted lung irradiation. A gating strategy was established within the lymphoid 

panel to identify this cell type (Figure 3.4). Live single and CD45+ cells were first identified. B-cells 

were subsequently excluded using B220, while T-cells and NK cells (including NK-like ILC1s) were 
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Figure 3.4 Quantifying lung ILC2s by flow cytometry analysis. ILC2s are initially gated on the CD45+B220-CD3-NK- subset, 
and further defined as Lin-CD127+Gata3+ cells (top). Alternatively, due to the absence of ILC3s within the lung, ILC2s can 
be gated directly as Lin-GATA3+ cells (bottom). 
 

excluded using CD3 and NK1.1. Total ILCs, excluding ILC1s, were then defined as Lin- and CD127+ 

(Figure 3.4b, top). Lin- cells are immune cells negatively selected using a panel of several antibodies. 

These antibodies ruled out the presence of other cell types, including other lymphocytes, 

macrophages, granulocytes and erythrocytes. The total ILC population is also defined by IL-7R 

expression (H. Spits et al. 2013), which is necessary for their homeostatic maintenance and 

development. As the ILC1 population was previously excluded by NK1.1 expression, intracellular 

detection of GATA3 was used to identify ILC2s, and RORγt to identify ILC3s. Overall, ILC2s were 

defined as CD45+B220-CD3-NK1.1-Lin-CD127+GAT3A3+ cells. Notably, little to no ILC3S in the lungs 

were observed, as seen by the absence of RORγt cells. Moreover, I alternatively gated ILC2s as Lin-

GATA3+ cells (Figure 3.4b, bottom) and observed that this gating strategy obtained similar numbers 

to the original gating strategy. This new simplified gating strategy will be used throughout the thesis 

for the identification of ILC2s. 

  Subsequently, I monitored ILC2 numbers in the experimental set-up shown in Figure 3.2a. With this 

gating strategy, a reduction in Lin-GATA3+ cells was observed (Figure 3.5a) and further 

quantification revealed a significant decline in both the frequency and number of ILC2s within the 

lung post-irradiation (Figure 3.5b-c). The decline in cell numbers was once again observed to occur 

as early as 2 days post-irradiation, which was similar to that observed for alveolar macrophages and 

DCs. 
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Figure 3.5 Targeted irradiation depletes lung ILC2s. (a) Representative gating demonstrating ILC2 numbers in control vs 
irradiated (Day 2) mice. (b-c) Quantification of frequency and number of ILC2s (n = 10 for each group). (b-c) Bar graphs 
indicate the mean (± s.e.m) and data is combined of two independent experiments. Each data point represents a biological 
replicate. Statistical significance was calculated using one-way ANOVA and Dunnett’s multiple comparison test, ** = P ≤ 
0.01, **** = P ≤ 0.0001. 

  Next, I investigated the activation status of ILC2. As discussed in the introduction, ILC2s are potent 

producers of Type 2 cytokines and express a number of cell surface receptors to regulate immune 

responses. One of these receptors is OX40L, and it has been shown that ILC2s upregulate OX40L in 

response to IL-33 in the context of Type 2 inflammation (Halim et al. 2018). As radiotherapy is known 

to induce cell death and release damage signals, possibly IL-33, I hypothesised that these signals 

could be picked up by ILC2s, thereby leading to their activation. Thus, I quantified OX40L expression 

by flow cytometry post-irradiation. Figure 3.6a-b demonstrates the gating strategy for OX40L on 

ILC2s, and a representative histogram of OX40L expression of ILC2s. A small but significant 

upregulation of OX40L on a fraction of ILC2s after radiotherapy was observed, and this was reflected 

by an increase in both the frequency and number of OX40L+ ILC2s (Figure 3.6c-d). This increase was 

observed as early as 2 days post-irradiation, which was similar to a time point previously reported 

after allergen-induced airway inflammation (Halim et al. 2018). Finally, ILC2 activation is typically 
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associated with an increase in the production of Type 2 cytokines, including IL-5 and IL-13. Thus I 

assessed Type 2 cytokine production, focusing on IL-13. Interestingly, no change in IL-13 production 

was observed (Figure 3.6e) in ILC2s after targeted lung radiotherapy and with restimulation of cells 

with PMA and ionomycin, suggesting that the increase in OX40L does not correlate with Type 2 

cytokine production.  

Figure 3.6 ILC2s upregulate OX40L in response to targeted lung irradiation. (a) Representative gating demonstrating the 
percentage of OX40L+ ILC2s in control and irradiated (Day 2) mice. (b) Representative histogram of OX40L in ILC2s in 
control and irradiated (Day 2) mice. (c) Quantification of frequency of OX40L+ ILC2 (n = 5, 10, 5). (d) Quantification of 
number of OX40L+ ILC2 (n = 5, 10, 5). (e) Quantification of MFI of IL-13 on ILC2s after restimulation for 3 hours with PMA + 
ionomycin (n = 5, 5). (c-e) Bar graphs indicate the mean (± s.e.m). Data is combined of two independent experiments (c-d) 
or a single experiment (e). Each data point represents a biological replicate. Statistical significance was calculated was 
calculated using one-way ANOVA and Dunnett’s multiple comparison test, ** = P ≤ 0.01, **** = P ≤ 0.0001 (c-d) or 
unpaired two-tailed t-test, ns = not significant (e). 
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3.2.4 Monitoring short-term and long-term dynamics of ILC2s upon targeted irradiation 

Figure 3.7 ILC2s remain depleted up to 8 weeks after targeted irradiation. (a) Mice were irradiated with 15Gy single dose 
irradiation and targeted left lung lobes were harvested 4 and 8 weeks post-irradiation. (b-c) Quantification of frequency 
and number of ILC2s. (d-e) Quantification of frequency and number of OX40L+ ILC2s. (b-e) Bar graphs indicate the mean (± 
s.e.m) and n = 5 for each group, and data is representative of a single experiment. Each data point represents a biological 
replicate. Statistical significance was calculated using one-way ANOVA and Dunnett’s multiple comparison test, ns = not 
significant, * = P ≤ 0.05, ** = P ≤ 0.01. 
 

  The long-term dynamics of cell response to radiotherapy does not necessarily reflect what is 

observed in the short term. Indeed, while depletion of some radiosensitive cells is observed in the 

short-term acute response to radiotherapy, certain cell types are observed to rebound and exceed 

baseline levels in the long term after radiotherapy (Meziani et al. 2018). Hence, upon observing the 

short-term depletion and activation of ILC2, I sought to monitor ILC2 responses in the longer term. 

To that end, I quantified ILC2 numbers and OX40L expression 4 and 8 weeks post-irradiation (Figure 

3.7a). Interestingly, the frequency and number of ILC2 numbers remained lower than non-irradiated 
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controls even at the 8-week time post-irradiation (Figure 3.7b-c), suggesting that ILC2s were not 

restored to naïve lung numbers even after the 8-week time point. Conversely, OX40L expression of 

ILC2s returned to baseline levels, suggesting transient activation of ILC2s in response to targeted 

lung radiotherapy (Figure 3.7d-e). 

Figure 3.8 ILC2s upregulate OX40L rapidly in response to targeted lung irradiation. (a) Mice were irradiated with 15Gy 
single dose irradiation and targeted left lung lobes were harvested 1 and 6 hours post-irradiation. (b-c) Quantification of 
frequency and number of OX40L+ ILC2s. (b-c) Bar graphs indicate the mean (± s.e.m) and n = 10 for each group. Each data 
point represents a biological replicate. Data is combined of two independent experiments and statistical significance was 
calculated using one-way ANOVA and Dunnett’s multiple comparison test, ns = not significant, * = P ≤ 0.05, *** = P ≤ 0.001.  
 

  Finally, I wondered if ILC2 activation could happen at even earlier time points. Hence, I monitored 

the kinetics of OX40L expression in ILC2s by radiotherapy at earlier time points 1 and 6 hours post-

irradiation. Mice were irradiated and OX40L expression was monitored 1 and 6 hours post-

irradiation (Figure 3.8a). Indeed, the upregulation of OX40L expression occurred as early as 6 hours 

post-irradiation, highlighting the rapid response of ILC2s to targeted lung radiotherapy. In all, 

radiotherapy results in a decline in ILC2 numbers which persists in the long term, while ILC2 

expression of OX40L is a rapid but transient response to radiotherapy. 

 

3.2.5 Radiotherapy-induced OX40L expression on ILC2s is dose-dependent 

  So far, the response of ILC2s to targeted lung irradiation has only been monitored in a single 

regimen of 15Gy. Notably, 15Gy is typically considered to be “high-dose”. As discussed, several 

aspects have to be taken into account to determine the dose administered during radiotherapy. The 

list includes, but is not limited to, the toxicity of the given dose, the abscopal effect, and the 
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immunological profile of the tumour (i.e. immune “hot” or “cold” tumours) (Buchwald et al. 2018; 

Demaria et al. 2021). Notably, different immune cells respond differently to radiotherapy, which 

Figure 3.9 ILC2s upregulate OX40L in a dose-dependent manner. (a) Mice were irradiated with a single dose of irradiation 
at varying doses (2, 4, 8.5 or 15Gy) and irradiated left lung lobes were harvested 1 day post-irradiation. (b-c) Quantification 
of frequency and number of ILC2s. (d-e) Quantification of frequency and number of OX40L+ ILC2s. (b-e) Bar graphs indicate 
the mean (± s.e.m) and n = 8 for each group and data is combined of two independent experiments. Each data point 
represents a biological replicate. Statistical significance was calculated using one-way ANOVA and Dunnett’s multiple 
comparison, * = P ≤ 0.05, *** = P ≤ 0.001, * = P ≤ 0.0001.  
 

could lead to differences in their subsequent function. For instance, depending on the administered 

dose of radiotherapy, macrophages respond differently to produce different cytokines (Wu et al. 

2017). This is also the case for adaptive lymphocytes, where different radiation doses lead to 

differences in adaptive CD4+ T-cell response, which also later influence radiation-induced lung 

injury. (Wirsdorfer and Jendrossek 2016). Finally, the dose of radiotherapy administered also 

influences the expression of certain genes, which influences the outcome of radiation treatment. 

The most notable example is the DNA exonuclease Trex1 (Vanpouille-Box et al. 2017), which is 
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induced by high-dose radiotherapy and leads to attenuated adaptive immune response and thus, 

worsened cancer prognosis.  

  Thus, I questioned if the dose of radiotherapy administered differentially influenced ILC2 numbers 

and OX40L expression. To that end, I irradiated mice at different doses and monitored the response 

of ILC2 1 day post-irradiation (Figure 3.9a), where OX40L expression on ILC2s is expected. ILC2 

numbers were observed to decrease in a dose-dependent manner. The frequency and number of 

ILC2s were relatively stable compared to non-irradiated controls up to 4Gy. However, a decline in 

ILC2 numbers was observed at 8.5Gy and 15Gy (Figure 3.9b-c). This suggests that a threshold dose of 

around 4Gy is necessary for the depletion of ILC2s. A significant upregulation of OX40L was also 

observed from 4Gy irradiation. Notably, a doubling in the frequency of OX40L+ ILC2 was observed at 

higher doses of 8.5Gy and 15Gy compared to 4Gy (Figure 3.9d), highlighting that OX40L expression 

on ILC2s is dose-dependent. In terms of cell numbers, the number of OX40L+ cells was observed to 

be similar at all 3 doses of 4, 8.5 and 15Gy. This is attributed to the corresponding decrease in ILC2 

cell numbers alongside increased OX40L expression at higher doses of irradiation. In all, an 

intermediate dose of irradiation at 8.5Gy gave significant ILC2 activation compared to lower dose 

irradiation doses at 4Gy and below, whilst still preserving higher number of ILC2s compared to 

irradiation at a higher dose of 15Gy.  

 

3.2.6 OX40L expression on ILC2s is partially dependent on IL-33 

  Next, I sought to investigate how radiotherapy promotes OX40L expression on ILC2s. Previously, 

Halim and colleagues have shown that intranasal administration of IL-33 to mice induced OX40L 

upregulation on lung ILC2s (Halim et al. 2018). Thus, I sought to investigate the importance of IL-33 

in radiotherapy-induced upregulation of OX40L on ILC2. To that end, IL-33-deficient mice (Il33cit/cit) 

and heterozygous controls (Il33cit/+) (Hardman, Panova, and McKenzie 2013) were used. Il33cit/+ mice 

harbour the fluorescent reporter citrine inserted downstream of the ATG start codon of the Il33 

locus, thereby allowing it to serve as a reporter for IL-33 expression. Notably, homozygous carriers of 

this allele are IL-33-deficient as the citrine reporter present in both alleles reporter disrupts IL-33 

expression.  

  Il33cit/cit mice were irradiated alongside control Il33cit/+ mice and OX40L expression on ILC2s was 

monitored (Figure 3.10a). As expected, no OX40L expression was detected on lung ILC2s in the 

absence of irradiation, regardless of the genotype of the mice. While there was an induction of 

OX40L expression in Il33cit/+ controls, this was significantly reduced in Il33cit/cit mice (Figure 3.10b-c), 

suggesting that IL-33 contributes to radiotherapy-induced OX40L expression. Notably, the expression 
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of OX40L in Il33cit/cit was not reduced to baseline levels, suggesting an IL-33-independent mechanism 

of OX40L expression during radiotherapy.  

  To further validate the role of IL-33 in radiotherapy-induced OX40L expression, an IL-33 trap (IL-

33R-Fc) that has been shown to neutralise allergen-mediated airway inflammation (Schuijs et al. 

2020) was utilised. This trap functions by inhibiting IL-33 signalling through blockade of the IL-33 

receptor. Mice were treated with the IL-33 trap by intranasal administration alongside targeted 

irradiation, and OX40L expression on ILC2s was monitored (Figure 3.10d). Unexpectedly, no 

difference in OX40L expression was observed after irradiation in the presence of the trap (Figure 

3.10e-f). This could be explained by the inefficiency of the trap, or a cell-intrinsic role of IL-33 in 

mediating OX40L expression. Thus, the induction of OX40L expression on ILC2s by radiotherapy is in 

part IL-33-dependent.  

Figure 3.10 OX40L upregulation on ILC2s is partially dependent on IL-33. (a) II33cit/+ control and Il33cit/cit mice were 
irradiated with 8.5Gy single dose irradiation and irradiated left lung lobes were harvested 1 day post-irradiation. (b) 
Quantification of frequency of OX40L+ ILC2s (n = 3, 3, 3, 3). (c) Quantification of number of OX40L+ ILC2s (n = 3, 3, 3, 3). (d) 
Mice were treated with IL-33 trap alongside 8.5Gy single dose irradiation and irradiated left lobes were harvested 1 day 
post-irradiation. (e) Quantification of frequency of OX40L+ ILC2 (n = 5, 5, 4). (f) Quantification of number of OX40L+ ILC2s 
(n = 5, 5, 4). (b-c, e-f) Bar graphs indicate the mean (± s.e.m) and data is representative of a single experiment. Each data 
point represents a biological replicate. Statistical significance was calculated using two-way ANOVA and Sidak’s comparison 
test, ns = not significant (b-c) and one-way ANOVA and Tukey’s multiple comparison test, ns = not significant (e-f).    
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3.2.7 Investigating a potential role of ILC2s in a model of radiotherapy-induced lung 

fibrosis 

 
Figure 3.11 A fractionated 8.5Gy X 2 regimen does not induce lung fibrosis. (a) Mice were irradiated twice with 8.5Gy over 
2 weeks, and lungs were harvested 42 weeks post-irradiation. (b) Representative H&E (left) and Masson Trichrome (MT) 
(right) sections from irradiated mice.  
 

  The observation of OX40L expression on ILC2s in response to targeted irradiation was interesting, 

as it suggests that ILC2s are activated in response to radiotherapy, and can potentially contribute to 

radiation-induced outcomes, like pneumonitis and fibrosis. As previously discussed, Type 2 immunity 

is associated with radiation-induced fibrosis, and lung ILC2s could potentially contribute to this 

response. Indeed, literature has demonstrated the supporting role of ILC2s in the bleomycin model 

of lung fibrosis. In this model, bleomycin-induced ILC2 activation and Type 2 cytokine production 

promote fibrotic progression (Li et al. 2014). More recently, another paper highlighted a mechanism 

of ILC2-mediated lung fibrosis and demonstrated that a TGFβ1–Nrp1 axis modulates and enhances 

ILC2 function via the upregulation of the IL-33 receptor ST2 (Zhang et al. 2022). Furthermore, apart 

from the lungs, ILC2s in other tissues have also demonstrated their ability to promote fibrosis and 

wound healing responses (Laurent et al. 2021). However, it remains to be seen if ILC2s could 

contribute to radiation-induced lung fibrosis.  

  I first set out to establish a model of lung fibrosis by targeted lung irradiation using the SARRP. A 

fractionated regimen of 8.5Gy X 2 was administered 1 week apart, and lungs were harvested 42 
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weeks (6 months) post-irradiation (Figure 3.11a). While the administered dose is lower compared to 

the typically high doses usually given to establish lung fibrosis, lower doses have also been observed 

to successfully induce fibrosis (Chen et al. 2016). This is in part due to increased susceptibility of the 

C57BL/6 strain to fibrosis (Jackson, Vujaskovic, and Down 2011). Nevertheless, I failed to observe 

clear signs of fibrosis in the targeted left lobe by H&E or Masson’s Trichrome staining with this 

regimen (Figure 3.11b left and right respectively). Thus, further work is needed to establish a 

working model of radiation-induced lung fibrosis with the SARRP before the role of ILC2s could be 

studied.  
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3.3 Summary 

  While activation of immune responses in radiotherapy in the treatment of cancer is now 

increasingly appreciated, less is known about the immune response induced by radiotherapy in non-

tumour naïve tissue. Furthermore, ILC2s are a more recently discovered cell type, and their response 

to targeted lung radiotherapy has yet to be to be investigated. In this chapter, I focused on the 

response of ILC2s to targeted irradiation in the naïve lung. 

  Using the SARRP, I first established a model of targeted lung irradiation. In this model, the lung left 

lobe was specifically targeted. I demonstrated that changes in major lung immune populations could 

be monitored by flow cytometry. Focusing on ILC2s, I observed that ILC2s were depleted at early 

time points after radiotherapy, and their numbers remained low even in the long term. 

Radiotherapy also induced expression of OX40L on ILC2, even though this expression was transient.  

ILC2 expression of OX40L was observed to occur in a dose-dependent manner, and radiotherapy-

induced OX40L expression on ILC2s was partially dependent on the cytokine IL-33. Finally, to study 

the potential role of ILC2s in radiation-induced lung fibrosis, I tried to establish a model of lung 

fibrosis using the SARRP, but a fractionated regimen of 8.5Gy X 2 did not result in lung fibrosis 6 

months post-irradiation. 
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Chapter 4: Dissecting the role of ILC2s and immune system in 

radiotherapy-mediated anti-tumour response in lung cancer 

 

4.1 Introduction 

  Having looked at how targeted lung radiotherapy modulates the immune microenvironment in the 

healthy lung, specifically ILC2s, I now focus on immune modulation by radiotherapy in the context of 

lung cancer. Early preclinical mouse models studying the immune response in radiotherapy have 

mostly utilised subcutaneous models, in part due to the ease of administering radiotherapy and 

monitoring tumour progression. The main limitation of such models is that they do not mimic 

physiological conditions of the tumour, and thereby do not represent the actual microenvironment 

in which tumour cells reside.  

  As previously discussed, preclinical radiation treatment platforms are now equipped with dual CT 

scan and irradiation function, allowing for a better selection of specific target tissues. Indeed, this is 

subsequently accompanied by a greater volume of literature studying the anti-tumour response to 

targeted irradiation in the context of lung cancer (Herter-Sprie et al. 2014; Du et al. 2016; Liu et al. 

2019). Despite this, most papers focus predominantly on the treatment outcomes induced by 

radiotherapy, whereas the immune responses behind these treatment outcomes is usually 

overlooked. Furthermore, little work has been done to immunophenotype myeloid and lymphoid 

populations within the lung tumour environment post-irradiation. 

  I have established in the previous chapter a method of targeted irradiation within the left lung lobe, 

and also demonstrate the use of flow cytometry to monitor changes in major immune populations 

within the lung post-irradiation. Evidence of ILC2 activation following targeted irradiation was seen 

in the previous chapter, suggesting that ILC2s could potentially contribute to the immune response 

against cancer upon radiotherapy.  

  In this chapter, I utilise this model of targeted irradiation in the B16F10-OVA model of lung 

metastasis to study the role of ILC2s and the broader immune system in radiotherapy-induced anti-

tumour immunity. Firstly, I aimed to immunophenotype the immune response to radiotherapy in a 

metastatic model of lung cancer. Next, I aimed to study the contribution of ILC2s and the broader 

immune system to anti-tumour responses induced by radiotherapy. Finally, I sought to investigate 

the mechanisms underlying radiotherapy-induced anti-tumour immunity. 
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4.2 Results 

4.2.1 ILC2s are enriched in the lung microenvironment in early stage B16F10 lung 

metastasis 

Figure 4.1 ILC2s are enriched within the lung microenvironment in early stage B16F10 lung metastasis. (a) Mice were 
injected with 1 X 105 B16F10-OVA cells intravenously and lungs were harvested 4 and 6 days post-injection. (b) 
Representative gating showing B16F10-OVA cells within the lung microenvironment 4 days post-injection. (c) 
Quantification of frequency of ILC2s 4 days post-injection (n = 4, 5). (d) Quantification of number of ILC2s 4 days post-
injection (n = 4, 5). (e-f) Quantification of frequency and number of ILC2s 6 days post-injection (n =5 for each group). (c-f) 
Bar graphs indicate the mean (± s.e.m) and data is combined of two independent experiments (c-d) or a single experiment 
(e-f). Each data point represents a biological replicate. Statistical significance was calculated using unpaired two-tailed t-
test, ns = not significant, * = P ≤ 0.05. 
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  I first sought to establish a lung cancer model to study radiotherapy-induced anti-tumour immune 

responses. For this, I decided to use the B16F10-OVA model of lung metastasis. While this tumour 

cell line has been extensively characterised in many studies, there is limited literature studying the 

role of radiotherapy in the lung metastatic cancer setting. Notably, our lab previously used this cell 

line to investigate the role of lung ILC2s in lung metastasis formation, although not in the context of 

radiotherapy (Schuijs et al. 2020). In this model, tumour cells are injected into the tail vein of mice, 

which leads to the subsequent establishment of metastatic lung tumours as circulating tumour cells 

seed in the lung microenvironment.  

  We have previously established in this model that tumour cells rapidly seed in the lung after 

tumour injection, as cells were observed to be present in the lung less than an hour post-tumour 

injection (Schuijs et al. 2020). Nevertheless, to avoid irradiation of the pre-metastatic niche, which 

has been shown to influence the seeding of tumour cells in the lung (Nolan et al. 2022), I sought to 

confirm the presence of tumour cells within the lung microenvironment at early time points. To that 

end, I injected B16F10-OVA cells into mice and harvested lungs 4 or 6 days post-injection (Figure 

4.1a). Notably, the B16F10-OVA cells were tagged with a mCherry construct, allowing their detection 

by flow cytometry. As seen in Figure 4.1b, mCherry+ B16F10-OVA cells were present in the lung 4 

days post-transfer, confirming that these tumour cells seed in the lung at early time points and that 

the 4-day time point post-tumour injection is an appropriate time point to irradiate the lung.  

  The lab has previously demonstrated the accretion of ILC2s in the context of early-stage primary 

lung cancer (unpublished data), suggesting that ILC2s could contribute to the early stages of lung 

cancer development. Hence, I questioned if ILC2s also accumulated in early metastatic lung cancer 

and probed the presence of ILC2s at both the 4 and 6-day time point post-tumour injection (Figure 

4.1a). An increase in the percentage of ILC2s was observed at 4 days post-injection, even though this 

was not accompanied by an increase in cell numbers (Figure 4.1c-d). However, a more apparent 

increase in both the percentage and number of ILC2s was observed 6 days post-injection (Figure 

4.1e-f). Overall, this highlights that the presence of tumour cells within the lung microenvironment is 

accompanied by a small but significant increase in the ILC2 population. Hence, the irradiation of 

tumour-bearing mice in subsequent experiments was done at relatively early time points, where I 

postulated that the local activation (see previous chapter) and expansion of ILC2s may influence 

radiotherapy-mediated anti-tumour responses within the lung tumour microenvironment.  
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4.2.2 Fractionated radiotherapy induces anti-tumour effect in the B16F10 model of lung 

metastasis 

 

Figure 4.2 A modified lung irradiation setup to study the effectiveness of targeted lung radiotherapy. (a) A variable 
collimator was used (instead of a fixed collimator) to increase the targeted region of the lung. (b) A new dose of 8.5Gy was 
targeted to a larger area of the left lobe with the variable collimator adjusted to a size of 8 X 5mm (bottom) compared to 
the previous 5 X 5mm fixed collimator (top). A fractionated regimen of 8.5Gy is given twice (8.5Gy X 2) 
 

  A fixed collimator of size 5 X 5mm was used in the previous chapter to target the left lung. While 

the use of this collimator has allowed us to target the left lung to a sufficient depth to observe 

immune changes induced by targeted irradiation of the healthy lung, I decided to increase the 

surface area of targeted irradiation to target as much of the left lung as possible. To achieve this, a 

variable collimator was utilised (Figure 4.2a). Unlike the fixed collimator, which only allows a single 

standardised area to be irradiated (i.e 5 X 5mm), the variable collimator is adjustable and allows for 

flexibility over the area of irradiation. The area of irradiation was increased from the initial 5 X 5mm 

to 8 X 5mm length-wise (Figure 4.2b), which ensured that the non-targeted right lobes remain 

spared.  

  Furthermore, the irradiation regimen was altered to mimic radiation regimens used in the clinical 

setting. Previous experiments have mainly utilised a single dose of 15Gy. However, fractionated 

regimens and split-dose radiotherapy are typically more effective (Bezjak et al. 2002) and 

accompanied by fewer side effects (Cross et al. 2004). Hence, a fractionated regimen of 8.5Gy X 2 

was selected (Figure 4.2b) and this regimen has been utilised in the clinic with minimal side effects 

(Cross et al. 2004). Furthermore, the utilised regimen is a form of palliative treatment intended to 

treat the symptoms of late stage or metastatic cancer. Hence, this regimen is more suited to this 

model of metastatic lung cancer. Notably, this regimen has also been previously adapted in other 

preclinical mouse studies studying anti-tumour responses in the context of the lung (Herter-Sprie et 

al. 2014), and no significant issues regarding unintended side effects were reported. Similar to the 
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15Gy single dose regimen, no significant health concerns nor clinical signs was observed, suggesting 

that this new regimen was safe for subsequent experiments. 

  The effectiveness of this new irradiation regimen to induce anti-tumour responses was studied in 

the B16F10 model of lung metastasis. To that end, irradiation was performed 4 and 5 days post-

injection of tumour cells (Figure 4.3a). As previously shown, this time point corresponds to an 

increase in the frequency of ILC2 within the lung tumour microenvironment. Lung tissues were 

harvested on Day 18, which corresponds to the time point where mice typically succumb to lung 

metastasis based on initial optimisation experiments. Lung tumour burden in the irradiated left lobe 

was compared to non-irradiated right lobes. Importantly, the post-caval lobe was excluded from the 

analysis, as this lobe is typically present around the central region of the chest cavity and partially 

irradiated with this regimen. Tumour burden in the irradiated left lobe was observed to be 

significantly lower compared to non-irradiated right lobes (Figure 4.3b top) by visual qualification of 

the number of lung metastatic nodules. Tumour-bearing lungs were also sectioned and Ki67 staining 

was performed to detect proliferating tumour cells (Figure 4.3b bottom). A significantly lower 

tumour burden was also observed in the irradiated left lobe compared to non-irradiated right lobes 

using this approach. Thus, a fractionated 8.5Gy X 2 regimen induces anti-tumour responses in the 

B16F10-OVA model of lung metastasis. 

  To quantify the effectiveness of this irradiation regimen, a ratio of the measured metric between 

the irradiated left lobe to the non-irradiated right lobes was obtained. This allows for the non-

irradiated lobes to function as an internal control.  Two different metrics were utilised, namely the 

number of metastatic nodules, and the percentage tumour area as quantified by Ki67 staining. All 

visible surface lung metastatic nodules were counted visually, while the percentage tumour area was 

defined as the percentage of Ki67 staining to the total lung area as quantified by HALO analysis (see 

Materials and Methods). The ratio of lung metastatic nodules and percentage Ki67 staining are 

henceforth abbreviated the met ratio and tumour area ratio respectively. As seen in Figure 4.3c-d, 

irradiated tumour-bearing mice demonstrated a lower met ratio and tumour area ratio. This was 

expected given that radiotherapy decreases tumour burden in the targeted left lobe, thereby leading 

to the reduction in both ratios.  

  A slightly modified irradiation regimen was also utilised and the effectiveness of this regimen was 

evaluated. In this regimen, two fractions of 8.5Gy were administered a week apart (Figure 4.3e) and 

a similar reduction in tumour burden was observed (Figure 4.3f). Met ratios and tumour area ratios 

were quantified (Figure 4.3g-h), and a similar reduction in both ratios was observed. In all, both 

irradiation regimens demonstrated significant anti-tumour immunity in the B16F10-OVA model of  
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Figure 4.3 Two different regimens of fractionated radiotherapy induce an anti-tumour effect in the B16F10 model of lung 
metastasis. (a, e) Mice were injected with 1 X 105 B16F10-OVA cells intravenously and irradiated 4 and 5 days or 4 and 11 
days post-injection respectively and lungs are harvested on Day 18. (b, f) Representative images of lungs (top) and 
histological staining of Ki67 tumour cells (bottom) on Day 18 for regimen shown in a and e respectively. (c) Quantification 
of lung metastatic nodule ratio (met ratio) for regimen a (n = 8, 14). (d) Quantification of tumour area ratio for regimen a 
(n = 28, 10). (g) Quantification of met ratio for regimen e (n = 9, 10). (h) Quantification of tumour area ratio for regimen e 
(n = 8, 9). (c-d, g-h) Bar graphs indicate the mean (± s.e.m) and data is combined of two to four independent experiments. 
Each data point represents a biological replicate. Statistical significance was calculated using unpaired two-tailed t-test, * = 
P ≤ 0.05, *** = P ≤ 0.001, **** = P ≤ 0.0001. 
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Figure 4.4 Lymphoid and myeloid cell changes in response to a new regimen in naïve mice are similar to the 15Gy single-
dose regimen. (a) Mice were administered a fractionated dose of 8.5Gy X 2 on 2 consecutive days and targeted left lung 
lobes were harvested 1 or 4 days post-irradiation. (b-j) Quantification of frequency and number of alveolar macrophages, 
dendritic cells, ILC2s, OX40L+ ILC2s and interstitial macrophages by flow cytometry (n = 9, 10, 9). (b-j) Bar graphs indicate 
the mean (± s.e.m) and data is combined of two independent experiments. Each data point represents a biological 
replicate. Statistical significance was calculated using one-way ANOVA and Dunnett’s multiple comparison, ns = not 
significant, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001. 
 

lung metastasis and these regimens will be used in subsequent experiments for the remainder of 

this chapter. 

  Next, I questioned if the 8.5Gy X 2 regimen induced similar immune changes in the naïve lung 

compared to the initial single dose 15Gy regimen. To that end, mice were irradiated with 8.5Gy for 2 

consecutive days, and immune changes were probed 1 and 4 days after the final dose of irradiation 

was administered (Figure 4.4a). Importantly, similar immune changes were observed in this regimen, 
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with the majority of myeloid and lymphoid cell populations being relatively stable as demonstrated 

in Figure 3.2 and 3.3. Figure 4.4 summarises the main immune changes observed as a result of 

targeted radiotherapy with this new regimen, most of which was also previously observed in Figure 

3.2 and 3.3. For myeloid cells, a decline in the frequency and number of tissue-resident AMs and DC 

was observed (Figure 4.4b-e). For lymphoid cells, a decline in ILC2 frequency and number was once 

again noted, alongside the expression of OX40L (Figure 4.4f-h). Interestingly, a decline in the number 

of IMs with this regimen was observed (Figure 4.4j), which was unchanged with the previous single 

dose 15Gy regimen. This likely suggests a dose-specific response to radiotherapy for IMs. 

Nevertheless, both the single, high dose 15Gy and the fractionated 8.5Gy X 2 regimen induces 

broadly similar changes in the immune microenvironment in the healthy lung. 

 

4.2.3 ILC2s do not contribute to the anti-tumour response induced by radiotherapy 

 

Figure 4.5 ILC2s do not contribute to the anti-tumour response induced by radiotherapy in the B16F10 model of lung 

metastasis. (a) Il7rαCre/+, Il7rαCre/+ Rorafl/fl and Il7rαCre/+Tnfsf4fl/fl mice were injected with 1 X 105 B16F10-OVA cells 

intravenously and irradiated 4 and 5 days post-injection and lungs were harvested on Day 18. (b) Quantification of met 

ratio (n = 14, 20, 18, 18, 3, 12). (c) Quantification of tumour area ratio (n = 19, 16, 20, 19, 3, 5). (b-c) Bar graphs indicate the 

mean (± s.e.m). Data is pooled from two to four independent experiments for control and treated Il7rαCre/+ and 

Il7rαCre/+Rorafl/fl mice for both lung metastatic nodule ratio and tumour area ratio, and treated Il7rαCre/+ Tnfsf4fl/fl lung 

metastatic nodule ratio. Data from control and treated Il7rαCre/+ Tnfsf4fl/fl tumour ratio and control Il7rαCre/+Tnfsf4fl/fl met 

ratio was obtained from a single experiment. Each data point represents a biological replicate. Statistical significance was 

calculated using two-way ANOVA and Sidak’s multiple comparisons, ns = not significant. 
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  The observation that targeted irradiation induces OX40L expression in ILC2s suggests that the ILC2 

activation could induce immune modulation within the lung tumour microenvironment. I 

hypothesised that the activation of ILC2s by radiotherapy could modulate immune responses, and 

thereby influence radiotherapy-induced anti-tumour immunity. Hence, I utilised various mice strains 

and compared the effectiveness of radiotherapy in these different models (Figure 4.5a), namely 

Il7rαCre/+Rorαfl/fl mice, which are deficient in ILC2s, as well as Il7rαCre/+Tnfsf4fl/fl mice, which are ILC2-

targeted OX40L-deficient mice. Heterozygous Il7αCre/+ mice were used as controls. Mice were 

irradiated with the 8.5Gy X 2 regimen for 2 consecutive days 4 days after tumour injection and lungs 

were harvested on Day 18, and the effectiveness of radiotherapy was quantified as previously 

described (Figure 4.5a). While radiotherapy was observed to be effective in all strains in both 

measured metrics, there was no difference in the met ratios or tumour area ratios in irradiated mice 

of both strains compared to irradiated controls (Figure 4.5b-c), suggesting that neither OX40L 

expression on ILC2s nor the presence of ILC2s influences the efficacy of radiotherapy in the B16F10-

OVA model of lung metastasis. Notably, given that radiotherapy led to the significant depletion of 

ILC2s within the lung microenvironment, any observed effect of ILC2s activation on the tumour 

microenvironment by radiotherapy might have been diminished. 

  To more robustly assess putative roles of ILC2s in radiotherapy-induced immune modulation, ILC2 

numbers were amplified prior to radiotherapy using exogenous IL-33 administration. As IL-33 

priming of the pre-metastatic niche is known to influence seeding, mice were dosed after B16F10 

adoptive transfer, which does not influence tumour progression (Schuijs et al. 2020). We previously 

validated that exogenous IL-33 administration induced the amplification of ILC2s in the lung, though 

this was also accompanied by infiltration of other immune cells (Schuijs et al. 2020). Mice were 

injected with B6F10-OVA cells and treated with IL-33 on 2 and 3 days after tumour injection before 

the irradiation on Day 4 and 5 (Figure 4.6a). The met ratios and tumour area ratios were enumerated 

and no significant difference between irradiated mice and irradiated mice pre-treated with IL33 was 

observed (Figure 4.6b and c), suggesting that IL-33 pre-treatment does not affect the efficacy of 

radiotherapy.  

  Finally, I sought an alternative method to quantify tumour burden in the lungs post radiotherapy by 

IVIS imaging. In this system, tumour cells are engineered to express luciferase, which catalyses the 

oxidation of D-luciferin. Light is released in this process, which can be detected by IVIS imaging. I 

utilised modified B16F10 cells that express luciferase (B16F10-Luc) and repeated the experiment 

(Figure 4.6a). Luciferin was injected into these mice before dissection. A representative image 

obtained by IVIS imaging is shown in Figure 4.6e, and the intensity of bioluminescence  
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Figure 4.6 IL-33 treatment alongside radiotherapy does not modulate the effectiveness of radiotherapy. (a) WT mice 
were injected with either 1 X 105 B16F10-OVA cells or 1 X 105 B16F10-luciferase cells intravenously, treated with IL-33 2 
and 3 days post-injection, irradiated 4 and 5 days post-injection, and lungs were harvested on Day 18. (b) Quantification of 
met ratio (n = 18, 19). (c) Quantification of tumour area ratio (n= 13, 14). (d) Representative image of quantification of 
signal in lung tumours in left and right lobes by IVIS imaging in tumour-bearing irradiated mice. (e) Quantification of IVIS 
ratio (n = 5, 5, 5). (b-c, e) Bar graphs indicate the mean (± s.e.m) and data is combined of three independent experiments 
(b-c) or a single experiment (e). Each data point represents a biological replicate. Statistical significance was calculated 
using unpaired two-tailed t-test, ns = not significant (b-c) and one-way ANOVA and Tukey’s multiple comparisons, ns = not 
significant (e). 
 

in the irradiated left lobe and non-irradiated right lobes was quantified separately. Similar to the 

other metrics, a ratio of the bioluminescence intensity (IVIS ratio) between the left and right lobes 

was obtained and no significant difference between irradiated mice and irradiated mice pre-treated 

with IL-33 was observed (Figure 4.6e). Notably, a significant decrease in the IVIS ratio between non-

irradiated controls and irradiated mice was not observed, in part due to the variation between the 

calculated ratios. This suggests that the IVIS system was not the most optimal way to quantify 
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tumour burden in this model. In all, pre-treatment with IL-33 to expand ILC2 numbers does not 

influence the effectiveness of radiotherapy. 

 

4.2.4 Immunophenotyping the response to targeted lung irradiation in the B16F10 model 

of lung metastasis 

  To obtain insight into important local immune changes that could contribute to radiotherapy-

induced anti-tumour immunity, I performed immunophenotyping by flow cytometry to targeted 

radiotherapy in the context of this lung cancer model. To that end, the fractionated regimen of 

8.5Gy X 2 was administered 4 days after tumour injection, and immune profile 1 and 4 days post-

irradiation was monitored. Figure 4.7 and Figure 4.8 show changes in lymphoid and myeloid panel 

changes respectively.  

  For lymphoid cell number and frequencies, a relatively stable immune microenvironment was 

observed, which was similar to previous characterisation experiments. At the Day 4 time point, 

minimal differences were observed in the majority of lymphocyte populations. Interestingly, a small 

increase in the frequency of NK cells was seen, even though this was not accompanied by an 

increase in cell numbers (Figure 4.7d-e). This could be explained by a reduction in other cell 

populations within the CD45+ fraction, whilst NK cell numbers remain relatively stable. Indeed, a 

small decline in CD8+ T-cell numbers was observed, although this was not reflected in the frequency 

of this population out of the total CD45+ lymphocytes (Figure 4.7h-i). The unchanged frequency is 

likely due to a general decline in the total CD45+ population.  

  For myeloid cells, the trends were also similar to those observed in previous characterisation 

experiments. Like lymphoid cells, minimal differences in myeloid cell populations were observed 4 

days post-irradiation. A decline in tissue-resident alveolar macrophages and DCs was observed once 

more (Figure 4.8e-f). Furthermore, a decline in the frequency and number of interstitial 

macrophages was observed, corroborating what was previously seen in the irradiation of the healthy 

lung with this regimen (Figure 4.8g-h). The frequency and number of said populations decreased as 

early as 1 day post-irradiation, and remained low after 4 days, further mimicking the trends 

observed in irradiation of the healthy lung. Overall, the immune changes observed after 

radiotherapy in the tumour context appear minimal, at least in the context of immune cell numbers. 

Notably, immune cell changes induced by radiotherapy with or without the presence of tumour 

appear to be similar. This suggests that irradiation of the lung microenvironment, rather than 

irradiation of tumour cells themselves, is the main driver of immune cell population changes within 

this model.  
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Figure 4.7 Lymphoid cell changes in response to radiotherapy in the B16F10-OVA model of lung metastasis. (a) WT mice 
were injected with 1 X 105 B16F10-OVA cells intravenously, irradiated 4 and 5 days post-injection, and targeted left lung 
lobes were harvested 1 (Day 1) and 4 (Day 4) days post-irradiation. (b-m) Quantification of frequency and number of B-
cells, NK cells, CD4+ T-cells, CD8+ T-cells, Tregs and TH2 cells by flow cytometry (n = 18, 10, 10). (b-m) Bar graphs indicate 
the mean (± s.e.m) and data is combined of two to four independent experiments. Each data point represents a biological 
replicate. Statistical significance was calculated using one-way ANOVA and Dunnett’s multiple comparison test, ns = not 
significant, * = P ≤ 0.05, ** = P ≤ 0.01, **** = P ≤ 0.0001. 
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Figure 4.8 Myeloid cell changes in response to radiotherapy in the B16F10 model of lung metastasis. (a-n) Quantification 
of frequency and number of neutrophils (n = 17, 9, 10), eosinophils (n = 17, 9, 10), interstitial macrophages (n = 12, 9, 10), 
alveolar macrophages (n = 12, 9, 10), monocytes (17, 9, 10) and dendritic cells (12, 9, 10) by flow cytometry. (a-n) Bar 
graphs indicate the mean (± s.e.m) and data is combined of two to four independent experiments. Each data point 
represents a biological replicate. Statistical significance was calculated using one-way ANOVA and Dunnett’s multiple 
comparison test, ns = not significant, * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 0.001, **** = P ≤ 0.0001. 
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4.2.5 The adaptive immune response partially contributes to the anti-tumour function of 

radiotherapy 

  Whilst immunophenotyping the myeloid and lymphoid cell response to radiotherapy observed 

minimal immune changes, this has been predominantly focused on understanding broad changes in 

cell numbers, rather than individual cell function. Notably, the anti-tumour effect induced by 

radiotherapy suggests evidence of immune activation. As discussed, radiotherapy is crucial in 

promoting adaptive immune responses against cancer in multiple instances (Lugade et al. 2005; 

Reits et al. 2006), and DCs play a critical role in presenting antigens to activate these adaptive T-cells, 

particularly CD8+ T-cells, which could exert cytotoxic effects on tumour cells (A. Gupta et al. 2012). 

Hence, I first focused on studying the functional role of adaptive immunity in this model and initially 

focused on DC function in the tumour context after radiotherapy. 

  To that end, mice were irradiated 4 days post-tumour injection and lungs were harvested 1 day 

post-radiotherapy (Figure 4.9a). I postulated that similar to innate ILC2s which express OX40L at 

early time points post-irradiation, activation of DCs would be captured at early time points. DCs 

were defined as CD45+ cells, and further gated on CD11c+MHCII+ cells after the exclusion of other 

myeloid cells, including macrophages, which also express both CD11c and MHCII (see Materials and 

Methods, Figure 4.9b). DCs can be further categorised into either cDC1 or cDC2 via the expression of 

markers XCR1 and SIRPα respectively (Figure 4.9b). cDC1 and cDC2 are demonstrated to 

preferentially present to CD8+ and CD4+ T-cells respectively. The expression of CD80, which is a 

costimulatory marker for T-cells, was monitored by flow cytometry. Interestingly, an increase in the 

MFI of CD80 was observed in both cDC1 and cDC2 subsets post-irradiation (Figure 4.9c-e), suggesting 

their activation. Expression of MHCII was also monitored. Interestingly, upregulation of MHCII was 

observed specifically on the cDC1 subset (Figure 4.9f-g), suggesting a differential response to 

different DC subsets in response to radiotherapy. 

  Thereafter, I sought to confirm activation of the adaptive immune system. To that end, I probed the 

function of adaptive CD4+ and CD8+ T-cells post-irradiation. IFNγ is widely known to promote anti-

tumour responses and is induced by radiotherapy, and critical for radiotherapy-induced anti-tumour 

immunity (Lugade et al. 2008; Liu et al. 2019). Hence, the production of IFNγ by CD4+ and CD8+ T-

cells upon in vitro re-stimulation 4 days post-irradiation was measured, where activation of the 

adaptive immune system was expected (Figure 4.10a). An upregulation of IFNγ in both CD4+ (Figure 

4.10b) and CD8+ T-cell subsets (Figure 4.10c) was observed, confirming that activation of DCs is 

accompanied by downstream activation of anti-tumour adaptive immunity.  
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Figure 4.9 Dendritic cells are activated by radiotherapy. (a) WT mice were injected with 1 X 105 B16F10-OVA cells 
intravenously, irradiated 4 and 5 days post-injection, and targeted left lung lobes were harvested 1 day post-irradiation. (b) 
Representative flow cytometry plot demonstrating gating strategy of cDC1s and cDC2s. (c-d) Quantification of CD80 MFI in 
cDC1s and cDC2s. (e) Representative plots of CD80 in cDC1 and cDC2 in control and irradiated mice. (f) Quantification of 
MHCII MFI in cDC1s. (g) Representative plot of MHCII in cDC1 in control and irradiated mice. (h) Quantification of MHCII 
MFI in cDC2s. (c-d, f, h) Bar graphs indicate the mean (± s.e.m) and n = 4 for each group and data is representative of two 
independent experiments. Each data point represents a biological replicate. Statistical significance was calculated using 
unpaired two-tailed t-test, ns = not significant, * = P ≤ 0.05.  
 
  To confirm the importance of adaptive immunity in radiotherapy-induced anti-tumour immunity, I 

utilised Rag2-/- mice and compared the effectiveness of radiotherapy to that of WT mice (Figure 

4.10d). Rag2-/- mice do not contain B or T-cells and present an inability to mount adaptive immune 

responses. These mice were subjected to irradiation along with WT controls, and the effectiveness 

of radiotherapy was quantified. Figures 4.10e and 4.10f demonstrate the met ratio and tumour area 

ratio respectively in control or irradiated WT or Rag2-/- mice. In WT mice, targeted irradiation results 

in the reduction of both met ratio and tumour area ratio, confirming the effectiveness of 

radiotherapy. Interestingly, while a reduction in met ratio was observed in Rag2-/- mice, this was not 

accompanied by a similar reduction in tumour area ratio. I postulated that this might be due to 

differences in the quantification method and the ability of each method to detect subtle differences 
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Figure 4.10 Anti-tumour function of radiotherapy is partially dependent on adaptive immunity. (a) Mice were injected 
with 1 X 105 B16F10-OVA cells intravenously, irradiated 4 and 5 days post-injection, and lungs were harvested 4 days post-
irradiation. (b) Gating strategy and quantification of the frequency of IFNγ+ CD4+ T-cells (n = 3, 5). (c) Gating strategy and 
quantification of the frequency of IFNγ+ CD8+ T-cells after 3 hour restimulation with PMA and ionomycin (n = 3, 5). (d) WT 
or Rag2-/- mice were injected with 1 X 105 B16F10-OVA cells intravenously, irradiated 4 and 5 days post-injection, and lungs 
were harvested on Day 18. (e) Quantification of met ratio (n = 11, 13, 9, 11). (f) Quantification of tumour area ratio (n = 6, 
9, 7, 7). (b-c, e-f) Bar graphs indicate the mean (± s.e.m) and data is of a single experiment (b-c) or combined of two to 
three independent experiments (e-f). Each data point represents a biological replicate. Statistical significance was 
calculated using unpaired two-tailed t-test (b-c) or two-way ANOVA and Sidak’s multiple comparison test (e-f), ns = not 
significant, * = P ≤ 0.01, **** = P ≤ 0.0001. 
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in tumour burden (see Discussion and Conclusion).  

  Notably, while a reduction in the met ratio is observed in irradiated Rag2-/- mice compared to non-

irradiated controls, the met ratio of irradiated Rag2-/- mice is still higher than that of irradiated WT 

mice (Figure 4.10e). However, this was not the case when quantification of tumour area was 

performed (Figure 4.10f).  In all, the activation of DCs was observed in response to targeted 

radiotherapy to lung cancer, and quantification of tumour burden by the met ratio suggests that 

downstream adaptive immunity is necessary for radiotherapy-induced anti-tumour immunity. 

 

4.2.6 NK cells contribute to the anti-tumour function of radiotherapy 

  Notably, Rag2-/- mice still displayed some degree of anti-tumour immunity, as reflected by a 

significant reduction in the met ratio in irradiated compared to non-irradiated Rag2-/- mice (Figure 

4.10e). This suggests the presence of additional cell types that could contribute to radiotherapy-

induced anti-tumour immunity. Whilst Rag2-/- mice are deficient in adaptive immune cells, innate NK 

cells are present. Importantly, NK cells also display anti-tumour function and cytotoxic activity 

against tumour cells. While radiotherapy is known to trigger anti-tumour responses predominantly 

via adaptive CD8+ T-cells, NK cell function can be influenced by radiotherapy as well(Chen et al. 

2020). Furthermore, radiotherapy-induced NK cell activation has been shown to contribute to anti-

tumour immunity (Barsoumian et al. 2020; Walle et al. 2022) in both mice and human studies. Thus, 

I sought to investigate if NK cells were also contributing to anti-tumour immunity in this model. 

  Alongside adaptive CD4+ and CD8+ T-cells, NK cells are also potent producers of IFNγ. Thus, I 

probed the capacity of NK cells to produce IFNγ post-irradiation upon in vitro restimulation after 

radiotherapy (Figure 4.11a-b). Similar to the adaptive immune compartment, IFNγ production was 

upregulated in response to irradiation (Figure 4.11c). Finally, I sought to confirm the importance of 

NK cells in radiotherapy-induced anti-tumour immunity. To that end, an anti-NK1.1 antibody that 

depletes NK cells in the lung was used alongside radiotherapy (Figure 4.11d). Interestingly, a similar 

trend to that of the irradiation of Rag2-/- mice was observed. The met ratio was observed to be 

higher in the irradiated group alongside anti-NK1.1 treatment, suggesting a reduction in the 

effectiveness of radiotherapy (Figure 4.13f). However, this was once again not observed in the 

tumour area ratio (Figure 4.13g).  Overall, the met ratio suggests that NK cells also play a role in 

radiotherapy-induced anti-tumour immunity alongside the adaptive immune system. 
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Figure 4.11 NK cells are activated and contribute to the anti-tumour function of radiotherapy. (a) WT mice were injected 
with 1 X 105 B16F10-OVA cells intravenously, irradiated 4 and 5 days post-injection, and lungs were harvested on Day 9. (b) 
Representative gating of IFNγ+ NK cells in control and irradiated mice. (c) Quantification of frequency of IFNγ+ NK cells 
after 3 hour restimulation with PMA and ionomycin (n = 8, 10). (d) Quantification of frequency of NK cells 1 and 4 days 
post-irradiation, as previously shown in Figure 2.7. (e) Mice were injected with 1 X 105 B16F10-OVA cells intravenously, 
treated with anti-NK.1.1 depleting antibody 4, 5 and 6 days post-injection, irradiated 4 and 5 days post-injection, and lungs 
were harvested on Day 18. (f-g) Quantification of met ratio and tumour area ratio (n= 13 for all groups). (c-d, f-g) Bar 
graphs indicate the mean (± s.e.m) and data is combined of two to three independent experiments. Each data point 
represents a biological replicate. Statistical significance was calculated using one ANOVA and Dunnett’s multiple 
comparison test, ** = P ≤ 0.01, **** = P ≤ 0.0001 (d) and unpaired two-tailed t-test, ns = not significant, ** = P ≤ 0.01 (c, f-
g). 
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4.3 Summary 

  It remains to be fully understood the contributions of different immune cells within the lung 

tumour microenvironment in response to radiotherapy, as well as the mechanisms that contribute 

to radiotherapy-induced anti-tumour immunity. This includes the contribution of ILC2s, which are an 

important cell type mediating immune responses within the lung. In this chapter, I focused on the 

role of ILC2s and the broader immune system in radiotherapy-induced anti-tumour immunity. 

  I first characterised the B16F1-OVA model of lung metastasis and observed an accumulation of 

ILC2s post-tumour injection. The original single dose 15Gy regimen was modified to a fractionated 

8.5Gy X 2 regimen, which induced similar immune changes to the original regimen. This modified 

regimen induced significant anti-tumour responses in the B16F10-OVA lung metastasis model. 

Whilst minimal changes in immune cell numbers were observed, activation of both innate and 

adaptive immunity was observed. While ILC2 expressed OX40L upon targeted radiotherapy, neither 

ILC2s nor OX40L activation on ILC2s influenced the effectiveness of radiotherapy. However, 

activation of DCs was observed, and downstream adaptive immunity was demonstrated to be 

important for radiotherapy-induced anti-tumour immunity. Interestingly, innate NK cells were also 

activated by targeted radiotherapy and contributed to anti-tumour responses. In all, I provide 

evidence for the role of both innate and adaptive immune system in targeted radiotherapy-induced 

anti-tumour immunity. 
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Chapter 5: Developing a model to study the role of ILC2s in 

modulating adaptive immune responses in primary lung cancer 

 

5.1 Introduction 

  Current literature suggests that ILC2s can exhibit dual functions to either promote or inhibit cancer 

growth. Thus, further work is needed to dissect the multitude of ways ILC2s function to influence the 

outcome of cancer progression. Given the promiscuous nature of ILC2s and their ability to interact 

with and regulate a wide variety of cell types, including immune cells, it is likely that the nature of 

these interactions within the tumour microenvironment dictates cancer progression. Indeed, I 

previously discussed that ILC2s are key players in regulating both innate and adaptive immunity, and 

their interactions with both components of the immune system in the context of cancer likely 

influence cancer progression. For instance, ILC2 interactions with MDSCs are demonstrated to be 

pro-tumour (Trabanelli et al. 2017) in some cases, while ILC2 interactions with adaptive T-cells 

(Saranchova et al. 2018; Moral et al. 2020) appear to be anti-tumour in others.  

  As seen in the previous chapter, ILC2 numbers appear to increase in metastatic lung tumours in the 

B16F10 model. Furthermore, unpublished data from our lab demonstrate an accumulation of ILC2s 

in the early stages of the KP mouse model of primary lung cancer (data not shown). The 

accumulation of ILC2s is also observed in the context of human lung cancer (Wu et al. 2017). In 

addition, epidemiological evidence reveals that the prevalence of asthma is disproportionately 

higher in breast cancer patients with pulmonary metastasis (Taranova et al. 2008), suggesting a role 

of Type 2 immunity in supporting lung metastasis. Despite the clear enrichment and association of 

ILC2s in lung cancer, little is known about how ILC2s modulate immune responses and cancer 

progression within the lung. 

  As discussed in the introduction, our lab discovered an ILC2-eosinophil-NK cell innate immune axis 

that regulates lung metastasis using ILC2-deficient mouse models (Schuijs et al. 2020). Strikingly, this 

axis is independent of the adaptive immune system. Our results agree with another report 

suggesting a pro-tumour function of ILC2s, which can be reversed by PD-1 blockade (Howard et al. 

2021), while also differing from other studies proposing an anti-tumour function of ILC2s 

(Saranchova et al. 2018). Notably, while Saranchova et al. suggests an anti-tumour function of ILC2s 

in metastatic lung cancer, their results highlighting ILC2-CD8+ T-cell interactions were demonstrated 

in vitro and on prostate cancer cells, rather than in the lung cancer setting (Saranchova et al. 2018). 
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In addition, I found no literature investigating the role of ILC2s in regulating the adaptive immune 

system on primary lung cancer. Altogether, this highlights a lack of understanding of the role of ILC2s 

in modulating adaptive immune responses, particularly in the context of primary lung cancer.  

  In this chapter, I discuss the development of a model to study the role of ILC2s in modulating 

adaptive immune responses in early-stage primary lung cancer. Firstly, I aimed to validate a 

doxycycline-controlled inducible OVA (iOVA) expression cassette and establish its functionality both 

in vitro and in vivo, with the intention of tracing ILC2-T-cell interactions at defined stages of lung 

cancer formation. Secondly, I aimed to establish an early stage, primary lung cancer cell from KP 

mice, which develops lung adenocarcinoma upon the administration of the Cre-recombinase. Finally, 

I aimed to establish an orthotopic model of lung cancer via intrathoracic injection of generated lung 

cancer cell lines.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



81 
 

5.2. Results 

5.2.1 A model to study the role of ILC2s in modulating adaptive immune responses in 

primary lung cancer 

Figure 5.1 A model to study the role of ILC2s in modulating adaptive immune responses in lung cancer. Lung cancer cell 
lines containing a doxycycline-sensitive inducible OVA (iOVA) construct can be orthotopically implanted in control or ILC2-
deficient mice. Expression of the antigen is controlled temporally via the administration of doxycycline, and expression of 
the OVA antigen generates OVA-specific adaptive T-cell responses. Adaptive T-cell responses can be monitored by 
tetramers detecting OVA-specific T-cells.  
 

  Figure 5.1 summarises the key components of a system developed to study the role of ILC2s in 

modulating adaptive immune responses in the context of primary lung cancer. In this model, I 

utilised the model antigen OVA to track OVA-specific immune responses. The use of the OVA antigen 

has proven to be an extremely useful tool in the study of antigen-specific immune responses. A key 

reason for this is that the generation of OVA-specific T-cell responses is detectable and quantifiable 

via the use of OVA-specific tetramers. These comprise fluorescently labelled tetrameric peptide-

MHC complexes. Fluorescent-tagged tetramers, and thereby OVA-specific T-cells, can be detected by 

flow cytometry. 

  The induction of antigen-specific adaptive T-cell responses requires the expression of the OVA 

antigen by cancer cells. Unlike most cancer models that utilise constitutively expressed antigen, an 

inducible doxycycline-sensitive system was used. This allows for greater temporal control of antigen 

expression, and expression of antigens can be induced at certain stages of tumour development 

after the introduction of tumour cells into the mouse, rather than directly after tumour 

implantation. Another benefit of this system is that the expression of the antigen is reversible, unlike 

tamoxifen-inducible systems which are irreversible.  
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  As previous unpublished data showed an enrichment in ILC2s in early lesions (data not shown), 

tumour cell lines derived from early stage tumours were selected to express this OVA construct. For 

this, the KP mouse model was selected and this will be discussed in subsequent paragraphs. 

Transfected cell lines could then be introduced into the lung intrathoracically to establish a model 

of primary lung cancer. After recovery from this procedure, mice will be placed on a doxycycline 

diet, triggering the expression of OVA in tumour cells. Tetramers will then be used to probe for T-

cell-specific immune responses to the OVA antigen. If successful, this approach could be repeated 

in ILC2-deificient animals to study how ILC2s could contribute to adaptive immune responses. The 

remainder of this chapter discusses the steps taken to set up this model. 

 

5.2.2 Validating an iOVA construct to monitor antigen-specific immune responses 

 
Figure 5.2 An iOVA construct to study antigen-specific immune responses. (a) Graphical representation of the iOVA 
plasmid (left) and the Piggybac-containing plasmid (right). Images were obtained from Benchling. (b) Graphical 
representation of key components of the iOVA plasmid. (c) Graphical representation of the workflow to validate the iOVA 
construct. 
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  A plasmid containing an inducible OVA (iOVA) expression cassette (Figure 5.2a, left) was previously 

designed by a post-doc researcher within the lab. The plasmid was designed to contain inverted 

terminal repeat (ITR) sequences, which are positioned such that they flank the expression cassette. 

These flanking ITRs are recognised by the piggyBac transposase, which then facilitates the “cut and 

paste” of the expression cassette into the host genome. The piggyBac transposase is encoded by the 

PB7 plasmid (Yusa et al. 2011) (Figure 5.2a, right), and expression of the transposase is controlled by 

a mammalian CMV promoter, allowing for its use in murine cells. Thus, co-transfection of both the 

iOVA and PB7 plasmid within the host cell allows for the expression cassette to be inserted into the 

host genome.   

  The iOVA expression cassette contains 3 sequences of interest (Figure 5.2b). Firstly, expression of 

the tetracycline-controlled transcriptional silencer (tTS) and reverse tetracycline-controlled 

transactivator (rtTA) is controlled by the strong EF1A promoter. Secondly, the expression of 

cytoplasmic OVA (henceforth abbreviated OVA) and green fluorescent protein (GFP) is controlled by 

a tetracycline response element (TRE). In the absence of tetracycline, tTS binds to the TRE, thereby 

preventing the expression of both OVA and GFP. When tetracycline is present, rtTA binds to 

tetracycline, allowing it to bind to the TRE and displace the tTS, thus allowing for the expression of 

OVA and GFP. Finally, the cassette also contains a puromycin-resistance gene, which functions as a 

selection marker during the transfection process. 

  Figure 5.2c demonstrates the workflow to validate the functionality of the iOVA construct both in 

vitro and in vivo. To validate the function of OVA-expression in the tumour cell context, B16F10 cells 

were transfected to generate B16F10-iOVA cells. As seen previously, these cells can generate 

metastatic lung tumours, allowing the function of the construct to be validated in the lung. Finally, 

as the presence of tetracycline should result in the expression of both OVA and GFP, the expression 

of both was confirmed in both the in vitro and in vivo setting. 

  Figure 5.3a demonstrates the strategy to generate stably transfected B16F10-iOVA cells. 

Transfection of B16F10 cells was achieved with lipofectamine (see Materials and Methods). After 

transfection, cells were cultured in the presence of both puromycin and tetracycline to select for 

transfected cells and induce OVA and GFP expression. Transfected cells were then sorted 1-cell per 

well based on the expression of GFP (Figure 5.3b) by flow cytometry. Upon the expansion of single 

cells into a larger colony, individual clones were once again screened for GFP (Figure 5.3c). Selected 

clones expressing GFP were expanded before subsequent validation steps. 
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Figure 5.3 Generation of B16F10-iOVA cell lines. (a) Transfected B16F10-iOVA cell lines were sorted 1 cell per well in a 96-
well plate and left in culture in selection media. Multiple clones were screened for the expression of GFP, and selected 
GFP+ clones were expanded to generate B16F10-iOVA cell lines. (b) Plots demonstrating the sort of GFP+ single cells. (c) 
Plots of 3 selected GFP+ B16F10-iOVA cell lines observed during the screening of individual clones. 
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Figure 5.4 Validation of the iOVA construct by GFP expression in vitro. (a) B16F10-iOVA cells were initially seeded in the 
absence of tetracycline and transferred to tetracycline-containing media from Day 2 to 6. Cells were transferred back to 
non-tetracycline media on Day 6. MFI of GFP was monitored every 2 days throughout the experiment, and results 
demonstrate an increase and decrease in MFI in the presence or absence of tetracycline respectively. (b) Representative 
histogram of MFI of GFP on Day 2 and Day 6. (a) Data is indicative of a single experiment and one sample (n=1) was 
collected for each time point.  
 

  I first validated the tetracycline-responsiveness of OVA expression in newly generated B16F10-iOVA 

cells in vitro. A cell culture system was set up where cells were seeded in the absence of tetracycline 

from Day 0 to 2, followed by the introduction of tetracycline in the culture media from Day 2 to 6. 

Finally, cells were transferred to media without tetracycline for the remainder of the experiment up 

to Day 12 (Figure 5.4a). GFP expression was monitored every 2 days by flow cytometry. MFI of GFP 

was observed to increase on Day 4, 2 days after the introduction of tetracycline into the media. 

Notably, the MFI of GFP remained high on Day 8 2 days after the removal of tetracycline, likely due 

to a delay in the response of the system to the absence of tetracycline. Strikingly, GFP levels 

reverted to baseline levels of GFP at Day 10. Control B16F10-iOVA cells cultured in the absence of 

tetracycline maintained low baseline expression of GFP throughout the experiment. Figure 5.4b 

demonstrates the difference in GFP MFI on Day 2 and Day 6. Thus, the iOVA construct modulates 

GFP expression in vitro based on the presence or absence of tetracycline. 

  I then validated the expression of OVA and its ability to be detected by antigen-specific T-cells in 

vitro. Interactions between the OVA antigen and OVA-specific OT-I CD8+ T-cells have been well-

characterised in literature (Moore, Carbone, and Bevan 1988; Kobori et al. 2010; Budhu et al. 2010). 

Notably, cultures of OVA-expressing tumour cells and OT-I CD8+ T-cells have demonstrated the 

capacity of OT-I CD8+ T-cells to kill these OVA-expressing cells in vitro (Kobori et al. 2010). Here, the 

Incucyte ZOOM (Gupta et al. 2018) was utilised to monitor specific killing of B16F10-iOVA tumour 

cells in the presence of OT-I CD8+ T-cells. 
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Figure 5.5 Validation of iOVA construct by OVA expression in vitro. (a) B16F10-iOVA cells previously seeded in media with 
or without tetracycline were cultured with CFSE-labelled, SIINFEKL-peptide activated OVA-specific OT-I T-cells. An apoptotic 
dye, which labels apoptotic cells red when viewed under the IncuCyte, was added to the culture for imaging. (b) 
Representative images of non-treated or tetracycline-treated B16F10-iOVA co-cultures obtained from the IncuCyte ZOOM 
6 hours after co-culture. (c) Average red area (μm2) of the co-culture as quantified by the IncuCyte ZOOM. (c) Individual 
points indicate the mean (± s.e.m) of 3 technical replicates (n=3) and data is indicative of a single experiment.  Statistical 
significance was calculated using one-way ANOVA and Tukey’s multiple comparison test for the final time point for each 
condition, **** = P ≤ 0.0001. 

 
  Briefly, OT-I CD8+ T-cells were harvested from Rag2-/- OT-I mice, activated with the SIINFEKL-

peptide, and labelled with the proliferation dye carboxyfluorescein succinimidyl ester (CFSE). 

B16F10-iOVA cells were then cultured in the presence of activated, labelled OT-I CD8+ T-cells. An 

Annexin V apoptotic dye was added to the co-culture, and cultures were imaged under the IncuCyte 

ZOOM (Figure 5.5a). CFSE-labelled OT-I CD8+ T-cells fluoresce green, whereas apoptotic cells 

fluoresce red. In the presence of tetracycline, greater killing of B16F10-iOVA cells was observed, as 

highlighted by a reduction in the number of adhering B16F10-iOVA cells in the culture (Figure 5.5b). 

Concomitantly, an increase in apoptotic staining was also observed. Notably, green CFSE-labelled 

OT-I CD8+ T-cells were observed to co-localise with red apoptotic cells, suggesting that increased 

apoptosis was attributed to an increase in killing. 

  The average red area was used as a measure of B16F10-iOVA killing, and by extension, the 

expression of OVA by B16F10-iOVA cells. Increased red staining was observed for B16F10-iOVA cells 

in the presence of tetracycline, compared to the absence of tetracycline, confirming the inducible 

expression of OVA in the presence of tetracycline. I also cultured parental B16F10 controls and 

constitutive OVA-expressing B16F10-OVA cells in the presence of OT-I CD8+ T-cells. Notably, the red 

area observed in B16F10 cells was significantly lower than in B16F10-iOVA cells cultured in the 



87 
 

absence of tetracycline, suggesting low levels of OVA expression in B16F10-iOVA cells at baseline. 

Nevertheless, the inducible expression of OVA in the presence of tetracycline was confirmed. 

  After validation of GFP and OVA expression in vitro, I validated the functionality of the iOVA 

construct in vivo, beginning with the detection of GFP. As seen in the previous chapter, B16F10 cells 

metastasise to the lung, serving as an ideal model to study if the inducible OVA construct functions 

within the lung tissue. Hence, B6F10-iOVA cells were injected into mice to establish metastatic lung 

tumours and mice were kept on a doxycycline diet (Figure 5.6a). I first checked if the addition of 

doxycycline affected the capacity of B16F10-iOVA cells to establish lung tumours, and observed no 

difference in the number of lung metastatic nodules in tumour-injected mice that were on a normal 

or a doxycycline diet (Figure 5.6b). I then assessed the frequency of GFP+ cells within the lung by 

flow cytometry. As seen in Figure 5.6c, tumour-bearing mice kept on a doxycycline diet had a 

significantly greater frequency of GFP+ cells, and this is quantified in Figure 5.6d. Thus, the iOVA 

construct responds to doxycycline in vivo to induce GFP expression.  

Figure 5.6 Validation of iOVA construct by GFP expression in vivo. (a) Mice were injected with 1 X 105 B16F10-iOVA cells 
intravenously and were kept on a doxycycline diet throughout the experiment. Lungs were harvested on Day 18. (b) 
Quantification of lung metastatic nodules in mice on normal or doxycycline diet (n=4, 4). (c) Representative plot of GFP+ 
cells from lungs of mice on normal or doxycycline diet. (d) Quantification of frequency of GFP+ cells from lungs of mice on 
normal or doxycycline diet (n = 4, 4). (b, d) Bar graphs indicate the mean (± s.e.m) and data is indicative of a single 
experiment. Each data point represents a biological replicate. Statistical significance was calculated using unpaired two-
tailed t-test, ns = not significant, * = P ≤ 0.05. 
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Figure 5.7 Tetramers detect OVA-specific T-cells in the lung in OVA-induced airway inflammation and the OVA-
expressing B16F10 model of lung metastasis. (a) Mice were sensitised with OVA and IL-33 on Day 0 and 1, and further 
challenged with OVA on Day 7, 8 and 9. Lungs were harvested on Day 16. (b) Representative plots of Tetramer+ cells in 
control and OVA-challenged mice. (c) Quantification of frequency of Tetramer+ cells in control and OVA-challenged mice (n 
= 3, 2). (d) Mice were injected with 1 X 105 B16F10 or B16F10-OVA cells intravenously lungs were harvested on Day 18. (e) 
Representative plots of Tetramer+ cells in B16F10 control and B16F10-OVA mice. (f) Quantification of frequency of 
Tetramer+ cells in B16F10 control and B16F10-OVA mice (n = 3, 3). (c,f) Bar graphs indicate the mean (± s.e.m) and data is 
indicative of a single experiment. Each data point represents a biological replicate. Statistical significance was calculated 
using unpaired two-tailed t-test, * = P ≤ 0.05. 
 

  Next, I sought to validate the use of tetramers recognising OVA-specific T cells using two well 

established models. Firstly, an OVA-induced airway inflammation model was used. Mice were 

sensitised with IL-33 and OVA, followed by subsequent challenge with OVA 1 week after the initial 

sensitisation (Figure 5.7a). An increase in OVA-specific CD4+Tetramer+ cells was observed in OVA-

challenged mice compared to controls (Figure 5.7c-d), demonstrating that Class II tetramers could 

pick up OVA-specific CD4+ T-cells in the context of OVA-induced airway inflammation. The ability of 

Class II tetramers to pick up OVA-specific T-cells in the tumour context was also tested. For this, 

B16F10-OVA cells constitutively expressing OVA was used to establish lung tumours, and their ability 

to induce OVA-specific T-cells was compared to parental B16F10. Similarly, an increase in OVA-

specific CD4+Tetramer+ cells in B16F10-OVA cells was observed compared to controls (Figure 5.7e-

f), suggesting that tetramers could pick up OVA-specific CD4+ T-cells in the tumour context as well.  

  Finally, the ability of Class II MHC tetramers to detect OVA-specific CD4+ T-cells induced by 

doxycycline in the B16F10-iOVA was tested. Mice were treated as previously described in Figure 

5.6a, and tumour-bearing lungs were harvested. Strikingly, an increase in OVA-specific CD4+ 

tetramers+ was detected in mice on a doxycycline diet. This highlights that OVA expression is 

induced by doxycycline in vivo, and this induces OVA-specific CD4+ T-cells which can then be picked 

up by Class II MHC tetramers. Overall, this highlights the functionality of the iOVA construct both in 
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vitro and in vivo, and it’s potential to detect adaptive T-cell responses in the context of lung 

tumours. 

Figure 5.8 Tetramers detect OVA-specific T-cells in the lung in B161F10-iOVA model of lung metastasis. (a) 
Representative plots of tetramer+ cells in B16F10-iOVA tumour-bearing mice under normal or doxycycline diet. (b) 
Quantification of frequency of Tetramer+ cells in B16F10-iOVA tumour-bearing mice under normal or doxycycline diet (n = 
4, 4). Bar graphs indicate the mean (± s.e.m) and data is indicative of a single experiment. Each data point represents a 
biological replicate. Statistical significance was calculated using unpaired two-tailed t-test, * = P ≤ 0.05. 

 

5.2.3 Generating an early-stage lung cancer cell line from KP mice 

  The next objective was the generation of an early-stage lung cancer cell line. For this, I selected the 

KP mouse model of lung adenocarcinoma, which has been shown to capture certain aspects of 

human pulmonary carcinoma (Jackson et al. 2005). As discussed, the introduction of Cre 

recombinase results in the expression of mutant Kras, as well as the deletion of both p53 alleles, 

leading to the gradual development of primary lung adenocarcinoma. Notably, tumour progression 

and development in this model have been well-characterised histologically. A 4-stage grading system 

has been employed, with the earliest lesions designated Grade 1, and late-stage tumours and 

subsequent metastasis designated Grade 4 (DuPage, Dooley, and Jacks 2009). Early-stage Grade 1 

lesions show up histologically 2-3 weeks post-Cre administration, though visible lesions on the 

surface of the lung only show up after 6-8 weeks. On the other hand, Grade 2 larger adenomas show 

up between 8-16 weeks. As I aimed to generate early-stage lung tumour cell lines, cell lines were 

derived from early Grade 2 larger adenomas.  

  KP mice were treated with Adeno-viral Cre recombinase (see Materials and Methods) and lung 

tissues were harvested 10 weeks post-treatment (Figure 5.9a). Small visible lesions were observed 

on the surface of the lung, confirming the development of tumours after Cre introduction. Cell lines 

were generated from these mice and further details are covered in the Material and Methods 

section. Briefly, total lung tissue was plated on collagen-coated plates, and tumour cells were 

allowed to expand. The emergence of cell clusters within the plate around 1-2 weeks (Figure 5.9b). 



90 
 

Notably, these cells were observed to look epithelial in nature, which is in agreement with literature 

on the epithelial nature of KP tumours cells (Kasinski and Slack 2013; Arnal-Estapé et al. 2020). The 

epithelial nature of these cells was confirmed by flow cytometry (Figure 5.9c), and they were 

confirmed to be CD45-CD31-EpCAM+. Importantly, these cells were capable of surviving more than 

10 passages, highlighting that these cells were indeed transformed tumour cells. Cells were screened 

externally and were confirmed to be deficient in p53 at both alleles. However, the presence of the 

Kras-G12D mutation was not confirmed. This generated KP cell line is henceforth termed derived-KP 

(dKP) cells. 

 
Figure 5.9 Derived cell lines from KP mice (dKP) are tumourigenic and form subcutaneous tumours (a) KP mice were 
treated with 2.5×107 pfu AdenoCre intranasally and lungs were harvested 10 weeks post-AdenoCre administration. (b) 
Representative images of dKP cells 1 and 2 weeks post-harvest. (c) Characterisation of EpCAM+ dKP cells by flow. 
cytometry. (d) Mice were injected with 5 X 105 dKP cells subcutaneously and tumours were harvested 4 weeks post-
tumour administration. (e) Representative images of subcutaneous tumours derived from injected dKP cells. 

 
  The ability of dKP cells to generate tumours in vivo was assessed. To that end, dKP cells were 

injected subcutaneously and tumours were harvested 4 weeks post-tumour administration (Figure 

5.9d). The presence of small tumours in mice implanted with this cell line was noted (Figure 5.9e), 

confirming that these cells were able to establish lesions in vivo. I also probed the ability of dKP cells 

to form metastatic lung tumours by intravenous injection, as previous studies using KP cells 

demonstrated their ability to metastasise to the lung (Maier et al. 2020). However, I failed to 

observe the establishment of any lung metastatic tumours in this model. This might be in part 

explained by the fact that dKP cells were derived from early-stage adenocarcinomas that have not 

yet acquired the capacity to metastasise and establish tumours in secondary sites.   
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5.2.4 Establishing an orthotopic model of lung cancer by intrathoracic injection 

  With the generation of dKP cells, the next step was to establish orthotopic lung tumours using 

these generated cell lines. Thus, I sought to establish a protocol for the intrathoracic injection of 

tumour cells in the lung. Current literature suggests two main ways to establish primary tumours 

within the lung tissue, namely via injection of tumours cells via the bronchi or trachea (Nakajima et 

al. 2014; Im et al. 2014) or directly into the lung via the intercostal space by intrathoracic injection 

(Onn et al. 2003; Cui et al. 2006; Im et al. 2014). As I hoped to establish solitary primary tumours 

within the lung, direct injection into the lung through the intercostal place was the method I decided 

to pursue, as injection in the bronchi or trachea typically results in the formation of multiple 

tumours within the lung. Furthermore, intrathoracic injections were typically less invasive and less 

technically challenging compared to injections into the bronchi or trachea. Thus, a protocol for 

intrathoracic injection of tumour cells into the lung was developed, and further details are indicated 

in the Materials and Methods sections. As this protocol was newly established, I first optimised the 

technique on dead mice.  

 
Figure 5.10 Establishing a protocol for intrathoracic injection of tumour cells into the lung left lobe. (a) Key steps in the 
intrathoracic injection of dKP cells into the mouse lung. (b) Representative image of injected trypan blue into dead mice. 
Green square indicates the presence of localised injected trypan blue within the lung.  
 
  A simplified workflow of the procedure is demonstrated in Figure 5.10a. Briefly, mice were 

anaesthetised in an isoflurane chamber. Once unconscious, they were transferred to an external 

nose cone and kept in the right lateral decubitus position and the hair surrounding the thorax was 

shaved off. After sterilisation, the needle was advanced 5-7mm into the left thorax and quickly 

removed after the injection. Optimisation of the procedure was performed with trypan blue, 

allowing us to observe the site of injection after the procedure was performed. As demonstrated in 

Figure 5.10b, injection of trypan blue with the established protocol resulted in the localisation of 

injected dye in the left lung lobe. 
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Figure 5.11 An orthotopic model of lung cancer by intrathoracic injection of dKP cells. (a) Mice were injected with 1 X 105 
dKP cells intrathoracically and lungs were harvested 5 weeks post-tumour administration. (b) Representative image of 
orthotopically injected dKP cells within the left lobe. Green square indicates the presence of injected dKP cells. (c) 
Representative image of Ki67-stained lung left lobe section. Green square indicates the presence of injected dKP cells. (d) 
Representative images of pleural tumours obtained after orthotopic injection of dKP cells. (e) Representative H&E sections 
of total lung and pleural tumours. Green square indicates the presence of injected dKP cells and red arrows demonstrate 
examples of pleural tumours. 
 
  Finally, I sought to assess the ability of dKP cells to form orthotopic lung tumours via the 

established protocol. To that end, mice were injected and lung tissues were harvested 5 weeks post-

injection (Figure 5.11a). The orthotopic implantation of dKP tumours resulted in the presence of 

localised tumour nodules within the lung, as seen visually and by histological Ki67 staining (Figure 

5.11b, c). Notably, established tumour nodules were typically small and slow-growing. Importantly, 

the overwhelming majority of mice injected with tumour cells presented with a significant number 

of diffuse thoracic growth present within the chest cavity (Figure 5.11d, e), likely as a result of a 

leakage of tumour cells during the injection process. Compared to tumour nodules within the 

injected left lung, tumours in the pleural cavity were significantly larger, and led to mice reaching 

their humane end-point around 5-6 weeks post-injection.  

  To circumvent the leakage observed in these experiments, an increased concentration of matrigel 

was utilised, alongside decreasing the diameter of the needle from 27G to 30G, but leakage was still 

observed in these subsequent experiments. Attempts were also made to reduce the injected volume 

via the use of specialised glass syringes that could inject lower volumes not achievable with 

conventional 1ml syringes (see Materials and Methods). I tried these syringes in the LL/2 Lewis lung 

carcinoma model of cancer, where injection of significantly lower tumour cell numbers can establish 

tumours (Doki et al. 1999). In these experiments, volumes as low as 5μl were injected, but even 
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these led to the formation of tumours within the chest cavity (data not shown). Thus, despite these 

efforts, the leakage of tumour cells into the lung chest cavity remained a problem and this prevented 

further experiments aiming to study the role of ILC2s in mediating immune responses in this primary 

cancer. 
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5.3 Summary 

  The role of ILC2s in regulating adaptive immune responses in the context of cancer remains unclear. 

Furthermore, this is less so in the context of primary lung cancer. In this chapter, I describe an 

attempt to develop a model to study the role of ILC2s in regulating the adaptive immune response in 

early-stage primary lung cancer. 

  To study antigen-specific adaptive immune responses, an iOVA construct expressing the OVA 

antigen in the presence of tetracycline was validated in B16F10 cells both in vitro and in vivo. I 

confirmed via the detection of GFP and OVA-specific T-cell responses that the construct was 

tetracycline-sensitive. I also generated tumour cell lines from KP mice as a model for early-stage lung 

cancer. dKP cells were confirmed to be epithelial in origin and demonstrated their tumourigenicity in 

vivo in the subcutaneous setting. Finally, I established a protocol for the orthotopic implantation of 

lung tumour cells into the lung. Whilst solitary tumour nodules were established in the lung, this was 

accompanied by leakage of tumour cells into the chest cavity, which has prevented progress to study 

the role of ILC2s in mediating immune responses in this primary cancer. 
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Chapter 6: Discussion and Conclusion 

6.1 ILC2s respond to targeted lung radiotherapy 

  Radiotherapy is widely used in the treatment of many cancers, and the role of radiotherapy-

induced immune activation is increasingly appreciated. However, studies looking at irradiation in 

healthy non-tumour tissue remain few and far between. Importantly, the study of immune 

responses in healthy tissue could elucidate knowledge of the response of bystander immune cells in 

response to radiotherapy. In the context of the lung, understanding the response of healthy tissue 

allows us to understand the mechanisms of the side effects of radiotherapy, the most notable being 

radiation-induced lung fibrosis. Furthermore, ILC2s are a relatively new cell type and their response 

to radiotherapy is still elusive. 

  As radiotherapy has been shown to induce changes in the immune microenvironment in the 

tumour context, I hypothesised that targeted lung radiotherapy would induce major changes in the 

immune landscape within the lung. Interestingly, minimal changes in the major immune cell 

populations within the lung in the acute response post-radiotherapy was observed. Specifically, 

depletion of DCs and alveolar macrophages was observed, while the lymphocyte compartment 

remained relatively stable, with only a slight increase in CD4+ TH2 cells. DCs and macrophages in the 

lung have been demonstrated to be radiosensitive, and irradiation of the thorax region has been 

shown to deplete both populations acutely (Hahn et al. 2011; Meziani et al. 2018). Notably, both 

populations are repopulated back to baseline levels at later time points that were not looked at in 

these experiments. The initial decline of these cells could be attributed to the tissue-resident nature 

of these cells (Kopf, Schneider, and Nobs 2014), and unlike most other cell types, are not rapidly 

recruited from circulation. For CD4+ TH2 cells, the finding is similar to a previous study looking at the 

response of the lymphocyte component to radiotherapy in the lung, where they report an increase 

in CD4+ TH2 IL-13+ cells (Paun, Kunwar, and Haston 2015). Interestingly, the reported increase in 

CD4+ TH2 cells was observed as early as 1 day post-irradiation, even though changes in the adaptive 

immune compartment typically occur multiple days after the initial insult, suggesting that changes in 

the adaptive immune compartment could occur at even earlier time points.  

  A recent report also demonstrated the use of the SARRP to administer targeted irradiation to the 

healthy lung (Nolan et al. 2022). The report utilised high dose irradiation of 13Gy, which was of a 

similar dose to what was used in my experiments monitoring immune responses. Contrary to my 

findings, they observed no change in macrophage and DC populations in the lung 7 days post-

irradiation. Furthermore, infiltration of neutrophils was observed, which led to neutrophil-mediated 
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responses that enhanced lung metastasis. These disparities might be attributed to differences in 

mice strain, where they utilised relatively radioresistant BALB/C mice (Jackson, Vujaskovic, and 

Down 2011). Strikingly, the paper also reported minimal immune changes in most immune cell 

populations post-irradiation as well, suggesting that a relatively stable immune microenvironment is 

maintained in the lungs after radiotherapy.  

  Quantification of ILC2s by flow cytometry revealed a reduction in their numbers after targeted lung 

irradiation, suggesting the radiosensitive nature of ILC2s. Notably, the kinetics of ILC2 decline is 

similar to that of alveolar macrophages and DCs. Like both of these cells, ILC2s are tissue-resident, 

and their persistent decline might be attributed to a lack of rapid recruitment from circulation to 

replace the depleted population. These results depart from existing literature, which suggests that 

lung-resident ILC2s are radioresistant (Bruce et al. 2017). Interestingly, the report also looked at 

ILC2s in the lamina propria and mediastinal lymph nodes (mLN), and show that ILC2s within these 

organs are more radiosensitive, leading to a sharper decline in numbers. These differences could be 

simply explained by differences in the irradiation setup. In their report, whole body irradiation at 

950cGy was performed instead, instead of target lung irradiation. Nevertheless, further work is 

needed to study the radiosensitive or radioresistant nature of ILC2s in different tissues, as well as 

the global response of these ILC2s to non-specific whole-body irradiation.   

  To the best of my knowledge, this work is the first to observe evidence of ILC2 activation by 

targeted lung radiotherapy, as indicated by OX40L expression. My experiments reveal that OX40L 

expression induced by radiotherapy is transient, occurs rapidly post-irradiation, and occurs in a dose-

dependent manner. Intriguingly, OX40L expression was not associated with an increase in IL-13 

production, suggesting that OX40L expression does not necessarily correlate with Type 2 cytokine 

production in ILC2s. Notably, IL-33 is a key alarmin known to induce OX40L expression in ILC2s, and 

this is accompanied by the production of Type 2 cytokines (Halim et al. 2018). The absence of 

upregulation of Type 2 cytokines suggests that OX40L expression induced by radiotherapy could be 

independent of IL-33. Indeed, even though targeted irradiation of IL-33-deficient Il33cit/cit mice 

resulted in lower levels of OX40L expression compared to irradiated controls, residual OX40L 

expression was still observed compared to non-irradiated mice, suggesting the existence of an IL-33-

independent mechanism of OX40L expression.  

  Interestingly, using an IL-33 trap that binds the IL-33R, OX40L expression was not abrogated on 

ILC2s and remained at similar levels in irradiated mice not treated with the trap. These results 

highlight an apparent contradictory role of IL-33 in OX40L expression on ILC2s induced by 

radiotherapy. While the exact reason for this remains unclear, a few possible hypotheses could 
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reconcile these differences. Firstly, the IL-33 trap binds to the ST2 receptor, which could suggest a 

cell-intrinsic role of IL-33 that regulates OX40L expression. A more likely explanation is the 

compensatory effect by other factors that lead to the same level of OX40L expression in mice 

treated with the IL-33 trap. This compensatory effect might not be evident in Il33cit/cit mice due to an 

intrinsic defect of ILC2s in these mice to respond to activating signals like IL-33 (Steer et al. 2020). 

Furthermore, given the observed dose-dependency of OX40L expression, it is likely that the 

magnitude of irradiation affects the extent of release of ILC2 activating signals by damaged cells, 

leading to different levels of OX40L activation on ILC2s. Alternatively, a technical explanation would 

be that the IL-33 trap might have been ineffective in neutralising IL-33, resulting in no decrease in 

OX40L expression. Hence, it still remains unclear the mechanism and implications of radiotherapy-

induced OX40L expression on ILC2s. 

  To investigate the potential role of ILC2s in radiation-induced lung fibrosis, we tried to establish a 

model of lung fibrosis using the SARRP. Unfortunately, a fractionated regimen of 8.5Gy X 2 was 

insufficient to induce fibrosis, as observed in the lung 6 months post-irradiation. Thus, it is likely that 

a significantly higher dose is needed. Alternatively, fibrotic changes could be studied at much later 

time points. These initial results observing the decline of ILC2s cast doubt over their role in fibrotic 

progression. Notably, in previous literature demonstrating the role of ILC2s in the bleomycin model 

of lung fibrosis, ILC2s numbers typically increase and enhanced Type 2 cytokine production is 

observed. On the other hand, alongside the decline in ILC2 numbers induced by radiotherapy, no 

changes in IL-13 production was observed, as well as only a slight upregulation of OX40L. Despite 

this, it is still interesting to consider the dynamics of ILC2 responses at much later time points after 

radiotherapy. Noteworthily, ILC2 numbers was only monitored up to 8 weeks post-radiotherapy, 

even though the induction of fibrosis typically occurs from 6 months onwards. (Wirsdorfer and 

Jendrossek 2016). Indeed, literature has demonstrated that while radiotherapy leads to the decline 

of specific cell populations like alveolar macrophages acutely, this is accompanied by a strong 

rebound to much higher levels at much later time points during fibrotic progression (Meziani et al. 

2018). Hence, it remains interesting to see if ILC2s could exhibit similar dynamics in response to 

targeted lung radiotherapy as well.  

  This model of targeted lung irradiation serves as a good starting point to study the response of 

ILC2s, as well as broader changes in the lung immune microenvironment. While immune changes 

have been monitored predominantly at a single dose of 15Gy, differential responses to variable 

doses of irradiation could be studied. With this model, deeper phenotyping of ILC2s could also be 

performed by flow cytometry to look at expression of different cell surface markers and cytokines. 

To understand how ILC2s modulate changes within the immune microenvironment, bulk RNA 
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sequencing of total immune cell populations could be performed on irradiated controls to irradiated 

ILC2-deficient mice to identify changes in immune signatures post-irradiation. Furthermore, to 

specifically study radiotherapy-induced changes in ILC2s, single-cell RNA sequencing on ILC2s can be 

performed. While much effort is focused on the immune compartment, radiotherapy modulates 

other cell populations within the lung microenvironment (i.e stromal and epithelial cells) and these 

other populations can be studied as well. Finally, the immune response induced with this model of 

targeted irradiation can also be studied in the context of lung tumours, and this was studied in 

Chapter 5 of the thesis. 

 

6.2 Innate and adaptive immune responses drive radiotherapy-induced anti-

tumour immunity 

  While the role of radiotherapy in the activation of the immune system is increasingly appreciated, it 

is still not fully understood how radiotherapy modulates the immune response in the context of lung 

cancer. Furthermore, while the dynamics of ILC2 activation in response to targeted radiotherapy in 

the healthy lung was studied, it is unclear if ILC2s could modulate anti-tumour responses induced by 

radiotherapy in this context.  

  To study radiotherapy-induced anti-tumour responses in the lung, I utilised the B16F10-OVA model 

of lung metastasis, where B16F10-OVA melanoma cells establish lung metastatic tumours after 

intravenous administration of tumour cells via the tail vein. Notably, these have been utilised 

previously in multiple studies examining the role of the immune system in modulating anti-tumour 

responses induced by radiotherapy (Lugade et al. 2005, 2008; Gupta et al. 2012), though these 

studies irradiate primary tumours formed in the subcutaneous setting. To the best of my knowledge, 

only one study has previously utilised the B6F10 cell line in the lung metastatic setting with 

radiotherapy, and they demonstrated the importance of adaptive CD8+ T-cell in mediating anti-

tumour responses (Liu et al. 2019). Notably, minimal profiling of the immune system in response to 

radiotherapy in this setting has been performed. Thus, I investigated the role of the immune system 

and ILC2s in modulating anti-tumour responses induced by radiotherapy in this tumour model. 

  The observation that ILC2s accumulated in relatively early-stage tumours suggests that they likely 

exert immunomodulatory effects at these early time points, and I postulated that targeted 

irradiation at these time points could modulate ILC2 function, and thereby influence the tumour 

microenvironment and anti-tumour responses. However, differences in the anti-tumour efficacy of 

radiotherapy in a newly established 8.5Gy x 2 fractionated in ILC2-deficient mice strains was not 

observed, suggesting that ILC2s do not contribute to the anti-tumour efficacy of radiotherapy. As 
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discussed in the Results section, it is likely that depletion of ILC2s likely mitigated the potential 

impact of ILC2 activation, thereby minimising its influence on the tumour microenvironment. Hence, 

combined IL-33 administration to promote ILC2 expansion alongside targeted irradiation was 

performed, but no significant difference in the anti-tumour effect of radiotherapy was observed 

either. Notably, IL-33 influences the recruitment of a whole myriad of immune cells alongside ILC2s, 

which is a key limitation in studying ILC2-specific effects in response to radiotherapy on anti-tumour 

responses. In all, I found no evidence suggesting that ILC2s influence the anti-tumour response to 

targeted radiotherapy in this model.   

  Despite minimal changes in the immune microenvironment post-radiotherapy in the context of 

metastatic lung cancer, probing activation of the immune system highlighted the importance of the 

adaptive immune system. As discussed, DCs and CD8+ T-cells are key for the anti-tumour responses 

induced by radiotherapy as reflected by their activation, and the reduced anti-tumour response in 

immunodeficient Rag2-/- mice. While activation of DCs by radiotherapy has been previously reported 

(Gupta et al. 2012), upregulation of the T-cell co-stimulation marker CD80 on DCs has been reported 

to occur specifically in CD103+ cDC1s (Blair et al. 2020), which are known to be crucial for cross-

presentation to CD8+ T-cells. Strikingly, similar to my findings that radiotherapy depletes DCs within 

the tumour microenvironment, a reduction of total DCs was reported, highlighting that the presence 

of a smaller population of activated DCs is sufficient in inducing anti-tumour immunity. While 

upregulation of CD80 on XCR1+ cDC1s was demonstrated, CD80 was observed to be upregulated on 

SIRPα+ cDC2s, highlighting that the upregulation of CD80 on DCs is not cDC1-specific. It has been 

shown that macrophages upregulate the pro-inflammatory marker CD80 in response to irradiation 

(Pinto et al. 2016), suggesting that CD80 upregulation could be a broad response of myeloid APCs to 

targeted irradiation. The upregulation of MHCII on cDC1s was also observed, though this was not 

observed on cDC2s. This finding was initially surprising, as cDC2s are typically known to 

preferentially present to CD4+ T-cells via MHCII-TCR interactions. Noteworthily, a recent report 

highlighted the importance of MHCII on cDC1s in facilitating early priming by CD4+ T-cells, which is 

crucial to license CD8+ T-cells for anti-tumour immunity (Ferris et al. 2020). This could explain the 

importance of MHCII upregulation on cDC1s in promoting radiotherapy-induced CD8+ T-cell 

response in this model.  

  Interrogating the innate immune compartment also revealed an important role of NK cells, which 

are also activated and contribute to radiotherapy-mediated anti-tumour immunity. Specifically, the 

upregulation of IFNγ on NK cells was observed, and depletion of NK cells with an anti-NK1.1 

depleting antibody alongside radiotherapy decreased the anti-tumour response, as seen by an 

increase in the met ratio compared to mice treated with irradiation alone. I attempted to validate 
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the importance of NK cells using Rag2-/-Il2rg-/- mice lacking both adaptive cells and NK cells, but 

observed severely increased tumour burden alongside an increase in mice succumbing to tumours at 

significantly earlier time points (data not shown). This was due to the importance of NK cells in 

mitigating metastatic tumour seeding (Lopez-Soto et al. 2017), and the large increase in tumour 

seeding prevented us from accurately assessing tumour burden in these mice. While NK cells are 

likely the key contributors to anti-tumour innate immune responses to radiotherapy, the role of 

ILC1s cannot be ruled out. Notably, ILC1s also express NK1.1 and its role cannot be excluded from NK 

cells by the gating strategy used. The use of other markers such as CD49a and CD49b could be used 

to distinguish these both populations (Gao et al. 2017). Furthermore, given that these cells could 

interconvert in the tumour context (Gao et al. 2017), it would be interesting to consider how these 

populations differ in contributing to immune responses against lung cancer. Nevertheless, given that 

NK cells are the predominant innate lymphocyte population within the lung, it is likely that NK cells 

are the NK1.1+ population contributing to radiotherapy-induced anti-tumour immunity. 

  Notably, experiments assessing the role of the immune system in modulating the effectiveness of 

radiotherapy demonstrated discrepancies in the met ratio and tumour area ratio. Specifically, while 

the met ratios highlight the importance of both the adaptive immune system and NK cells in 

radiotherapy-induced anti-tumour responses, this was not reflected in the tumour area ratio. 

Notably, both methods have been utilised in literature as a measure of tumour burden in the B16F10 

model of lung metastasis, and both typically complement each other as a readout of tumour burden. 

While the visual counting of metastasis is a straightforward method to quantify tumour burden, a 

key limitation is that quantification is limited by what is observed on the surface of the lung. On the 

other hand, the use of Ki67 as a marker for tumour cells in the lung is limited by the fact that only a 

single slice of tissue is used as a readout. I postulated that these differences are likely due to very 

small differences in tumour burden. For instance, while the met ratio was enumerated to be higher 

in the irradiated group treated alongside anti-NK1.1, the size of remaining metastasis in the targeted 

lobe was observed to be significantly smaller, and these small differences might not have been 

picked up by tumour area quantification by HALO analysis. To reconcile the differences observed 

between both methods of quantification, targeted irradiation of the entire lung could be performed 

instead. This would eliminate the need for data to be expressed as a ratio. However, a key limitation 

would be the absence of a non-irradiated internal control, and variation in tumour burden in the 

absence of irradiation cannot be accounted for. 

  The use of IVIS imaging was attempted alongside quantification by met ratio and tumour area ratio 

in an experiment with IL-33. However, this was highly limited by significant variation observed 

between individual mice of the same group. As the left and right lung lobes were in close proximity 
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during the imaging process, separation of the left and right lung lobes prior to imaging could be 

performed. This could potentially supplement the quantification methods discussed above. Finally, 

while quantification of tumour burden in the left and right lung lobe separately allows for an internal 

control to be present, a potential limitation was that this neglects the potential abscopal effect of 

radiotherapy, whereby irradiation of tumour in one lung lobe could promote anti-tumour activity in 

the remaining lobes. Nevertheless, there is no clear evidence in literature highlighting the abscopal 

effect in the context of lung radiotherapy, as this is mostly seen in the subcutaneous setting. 

  The mechanism of NK cell activation by radiotherapy in the context of lung cancer in this model is 

also yet to be discovered. One hypothesis is that radiotherapy-mediated STING activation could be 

involved in mediating NK cell activation. STING is commonly implicated in radiotherapy-induced anti-

tumour responses, leading to the activation of DCs and downstream adaptive CD8+ T-cells (Deng et 

al. 2014). Notably, NK cells have been shown to mediate STING-mediated anti-tumour responses 

(Marcus et al. 2018; Nicolai et al. 2020), and are demonstrated to be particularly important in the 

elimination of tumours that have evaded CD8+ T-cell detection via downregulation of MHC-I (Nicolai 

et al. 2020). However, it has yet to be shown if a radiotherapy-STING-NK cell axis is present within 

the lung tumour context that mediates anti-tumour response and this is an avenue that warrants 

further investigation. Apart from STING, radiotherapy is known to modulate the repertoire of NK cell 

ligands and NK cell receptor expression within the tumour microenvironment, which could influence 

NK cell anti-tumour function (Spiotto, Fu, and Weichselbaum 2016). For instance, a recent paper 

demonstrated that human NK cells in pancreatic cancer are activated by radiotherapy in a CXCL8-

dependent manner, contributing to NK cell anti-tumour function (Walle et al. 2022). Thus, further 

work could focus on probing the cytokines released by radiotherapy, as well as further profiling lung 

NK cells to monitor differences in expression of activation markers induced by radiotherapy.  

 

6.3 A model to study the role of ILC2s in modulating adaptive immune 

responses in primary lung cancer 

  ILC2s are known to regulate adaptive immune responses in the context of Type 2 inflammation, and 

extensive work has been done in such models to elucidate the mechanisms involved. However, less 

is known about how ILC2s regulate adaptive immune responses in the context of cancer, and even 

less so in the context of lung cancer. Hence, I developed a model to study the role of ILC2s in 

modulating adaptive immune responses in lung cancer.   
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  I first validated an iOVA expression construct in vitro and in vivo and demonstrated inducible 

expression of both GFP and the OVA antigen. However, the in vitro killing assay of B16F10-iOVA cells 

demonstrated some baseline expression of OVA, as B16F10-iOVA cells cultured in the absence of 

tetracycline were more susceptible to killing by OVA-specific OT-I CD8+ T-cells as compared to 

parental B16F10 cells. This was unexpected, as while the rtTA alone was previously demonstrated to 

possess some “leakiness” in the absence of tetracycline (Zheng et al. 2000), the presence of an 

accompanying tTS component was reported to eliminate baseline “leakiness” (Zhu et al. 2001). A 

possible explanation was that standard FCS containing low levels of tetracycline was present in the 

culture during these experiments. Due to the sensitivity of this system, low levels of tetracycline 

present in culture would still be able to induced expression of the antigen. Alternatively, this could 

be due to a potential delay in the removal and degradation of OVA, as cells were previously cultured 

extensively in the presence of tetracycline during the transfection, selection and expansion process 

during the generation of these cells. Thus, these cells could be passaged in the absence of 

tetracycline to prevent OVA expression, as well as for previously expressed OVA to be removed and 

degraded. A potential improvement to such a system could be achieved by utilising a combination of 

both tetracycline and tamoxifen-controlled systems (Hegde et al. 2020). Tamoxifen-inducible 

systems, unlike tetracycline-inducible systems, are irreversible systems. In the presence of 

tamoxifen, the Cre recombinase induces cleavage of target sequences flanked by loxP sites, resulting 

in permanent removal of flanked sequences. In the paper referenced, a system combining both 

elements was utilised to control the expression of the OVA antigen, where the introduction of 

tamoxifen, as well as the absence of tetracycline, induces the expression of OVA.  

  While the ability of the iOVA construct to induce OVA expression was studied, the ability of B16F10-

iOVA cells to stop the expression of OVA in the absence of tetracycline was not assessed. This could 

easily be achieved by setting up an in vitro culture similar to Figure 5.4 and then monitoring OVA 

expression by Western blot in a time-course experiment. Regardless, in vitro confirmation of GFP 

expression in Figure 5.4 would suggest reversibility of OVA expression as well, as the expression of 

both genes is controlled by the same promoter. Notably, the majority of literature using such 

systems typically look at responses induced by antigen expression, rather than the removal of said 

antigen. Nevertheless, a reversible system like this could potentially be used to study responses 

during the initial infection, as well as secondary immune responses and memory responses that 

occur after antigen re-exposure (Jellison Evan R. et al. 2012). 

  The ability of OVA expression to drive OVA-specific T-cells responses was also confirmed via the use 

of Class II MHC tetramers. Notably, antigen expression by tumours could induce antigen-specific T-

cells responses, which could affect tumour progression depending on the nature of these responses. 
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Indeed, using a similar inducible antigen-expressing tumour model, it was shown that the induction 

of OVA by tetracycline induces CD8+ T-cell responses that decrease tumour burden in a model of 

hepatocellular carcinoma (McVey et al. 2022). On the other hand, we observed no difference in 

tumour burden in vivo with mouse kept on doxycycline diet in this model. This might be attributed to 

differences in the tumour model used, even though the literature suggests an important role of 

CD8+ T-cells in mediating anti-tumour responses in the B16F10 model of lung metastasis. 

Nevertheless, I have only profiled OVA-specific CD4+ T-cell responses, and further work is needed to 

carefully characterise the immune response driven by induction of OVA by tetracycline in this model. 

  dKP cells were also derived from KP mice, and their ability to form primary lung tumours by 

orthotopic lung implantation was assessed. A limitation of the orthotopic model of dKP cells was 

that these cells grew very slowly within the lung. This was expected as this cell line was derived from 

relatively early-stage tumours. To accelerate tumour growth, a greater number of cells could be 

injected. However, this could increase the chances of leakage of cells into the chest cavity, which is a 

problem further discussed in the next paragraph. Alternatively, the introduction of further mutations 

by genome-editing techniques could generate more aggressive versions of this cell line. 

Nevertheless, a careful balance has to be struck as the primary goal is the formation of early-stage 

primary lung tumours. 

  Another limitation of the orthotopic implantation of dKP cells is the leakage of tumours into the 

chest cavity. Notably, the establishment of tumours within the chest cavity led to mice succumbing 

to their humane endpoint much quicker than the time needed to establish sizeable tumours within 

the lung. This is likely due to the protocol that was established, which is minimally invasive and does 

not require incisions to be made. Thus, this setup is more prone to errors as I was unable to establish 

the exact position of the lung and the optimum depth at which the needle should be inserted. 

Several steps were taken to try to circumvent the leakage observed in these experiments. Firstly, the 

needle gauge was increased from 27G to 30G to allow for a more localised injection and hence 

reduce spreading and leakage. Secondly, the concentration of matrigel use was also increased to 

limit spreading. Finally, I also tried to reduce the volume of cells injected via the use of specialised 

glass syringes that could inject extremely lower volumes. In the LL/2 Lewis lung carcinoma model, 

which required the injection of a significantly less number of tumour cells to establish lung tumours, 

injection of lower volumes still led to the establishment of tumours within the chest cavity. Thus, 

despite these efforts, the leakage of tumour cells into the lung chest cavity remained a problem.  

  Moving forward, more in-depth surgical methods could be employed. Though more technically 

challenging, this could greatly improve the accuracy of injection to establish solitary tumours. These 
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procedures typically involve the incision of soft tissues to expose the thoracic rib and intercostal 

space to allow better visualisation of the lung (Justilien and Fields 2013). In a more surgically-

advanced setting, thoracotomy could also be performed to expose the lung to achieve greater 

precision of injection (Im et al. 2014). Thus, with the right level of technical expertise, such 

procedures could be performed to combat issues of leakiness of tumour cells within the chest cavity.  

  The development of this model remains in its early stages. While I have validated the functionality 

of the iOVA construct, this needs to be tested in the context of the dKP cell line. Furthermore, 

optimisation of the orthotopic implantation procedure is necessary to ensure the establishment of 

local tumours by dKP cells within the lung. Once the above-mentioned steps are accomplished, 

implantation of the tumour cells into ILC2-deficient mice could be performed to elucidate the role of 

ILC2s in modulating the adaptive immune response in lung cancer.  

  Importantly, the use of radiotherapy as a treatment modality could be incorporated into this 

model. As discussed in previous chapters, radiotherapy induces the killing of tumour cells and 

antigen release into the surrounding microenvironment. Released antigens could then be processed 

by the endocytic pathway, and subsequently presented by MHCII to induce CD4+ T-cell responses 

(Roche and Furuta 2015). Thus, the role of ILC2s in modulating CD4+ T-cells responses could also be 

studied in the context of radiotherapy using such a model. 
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