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2 
Abstract  

Current literature suggested that the role of tumour infiltrating neutrophils could be pro- or 

anti-tumour and therefore double-edged. The heterogeneous nature of this population is 

dictated by environmental signals coming from the host and the tumour immune 

microenvironment. In bladder cancer, a high level of neutrophils is associated with poor 

prognosis. However, the functional role of neutrophil infiltration along the courses of 

bladder tumorigenesis is yet to be understood. 

This study aimed to elucidate the roles of neutrophils in regulating bladder tumorigenesis 

using FGFR3-mutated and Cxcr2-deleted mouse models with wildtype (wt) mice as a 

control. FGFR3 is one of the most commonly mutated genes in bladder cancer. Cxcr2 is 

an essential receptor protein that mediates chemotaxis of neutrophils.  

Bladder tumours were induced by a tobacco carcinogen N-butyl-N-(4- hydroxybutyl) 

nitrosamine (OH-BBN) for 10 weeks and tumour pathogenesis was analysed at the 

timepoint of 2, 12, 16 and 20 weeks from the start of treatment. A combined qualitative 

and quantitative approaches, namely haematoxylin and eosin (H&E) staining, 

immunohistochemistry (IHC), real-time PCR-based microarray were used to evaluate the 

changes in the urothelial and tumour histopathology, immune cell influx and gene 

expression in the tissue context. 

Carcinogen-dependent bladder tumorigenesis was increased in Tg(UroII-

hFGFR3IIIbS249C) (FGFR3S249C) and in mice with Cxcr2 deletion in myeloid lineage, 

LysMCre Cxcr2fl/fl (Cxcr2 flox) compared to wt. The tumour phenotype in FGFR3S249C and 

Cxcr2 flox was more advanced and invasive. The acute inflammatory response was 

suppressed at the initial time of carcinogen treatment in both FGFR3S249C and Cxcr2 flox 

with a significant reduction in neutrophils recruitment.  

Further mechanistic evaluation of the immune cell recruitment in Cxcr2 flox showed 

changes in the levels of infiltrations of neutrophils, macrophages and T cells along the 

stages of tumour initiation and progression. Unexpectedly, Cxcr2 flox tumours were highly 

infiltrated with neutrophils as examined by H&E for their morphological appearance. 

However, many of them lacked expression of well-established markers for neutrophils. 

The increased level of of neutrophils was in concomitant with that of tumour-infiltrating 

CD3+ T-cells.  

Evaluation of the transcriptional changes showed that genes associated with immunity 

and inflammation were differently expressed in the bladder at the acute inflammation 

stage compared to bladder tumours in Cxcr2 flox compared to wt. Differences were also 
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observed in the gene expression between neutrophil-infiltrated and non-neutrophil 

infiltrated Cxcr2 flox tumour samples.  

Depletion of neutrophils using Ly6G monoclonal antibody (1A8) in the first 10 weeks of 

carcinogen treatment in wt mice reduced the recruitment of neutrophil at acute 

inflammation stage. The suppression of neutrophil recruitment at acute inflammation 

stage resulted in an increase of inflammation at a later stage of bladder tumorigenesis. 

Depletion of neutrophils in tumour-bearing mice was also attempted, however the 

effectiveness of depletion remained inconclusive.  

The results in this study suggested that, firstly, bladder tumorigenesis was induced by the 

suppression of acute immune responses. Secondly, an increased level of neutrophil 

infiltrations resulted in an enhanced tumour progression. Thirdly, neutrophils influenced 

the levels of macrophages and T cells infiltrations, and this is likely to be caused by their 

regulation of gene expression associated with inflammation and immune signalling during 

early and late stages of bladder tumorigenesis. The results support further investigations 

towards clinical translation of FGFR3, CXCR2 and neutrophils, as therapeutic targets in 

bladder cancer. 
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1.1 The bladder  

1.1.1 Anatomy and function  

The bladder is part of the urinary tract system alongside kidney, ureter and urethra. It 

functions as a storage tank of urine. The ability of the bladder to hold urine which contains 

toxic and noxious compounds is enabled by its highly adapted structure with a tight barrier 

on the luminal surface of the urothelium (Abraham & Miao, 2015; Baker & Southgate, 

2011; Wu et al., 2009).  

The bladder is a triangle-shaped, hollow and elastic organ. The main structure of the 

human bladder consists of three layers, which are the urothelium, the lamina propria and 

the detrusor smooth muscle supporting the bladder (Baker & Southgate, 2011). 

1.1.2 The urothelium 

The urothelium is also called transitional epithelium owing to its elastic feature that could 

contract in and out during storage and excretion of urine. The urothelium lines the bladder 

and serves as the first lining defence against foreign substances in the urine (Abraham & 

Miao, 2015).  

The urothelial cells are formed up to seven layers in humans, and up to three layers in 

mice (Castillo-Martin et al., 2010). The urothelium is composed of three different types of 

cells, superficial (umbrella), intermediate and basal cells (Castillo-Martin et al., 2010). The 

umbrella cells are large with polarized and thick asymmetric unit membrane and comprise 

of uroplakin proteins that serve as a barrier for reabsorption of the urine (Kobayashi et al., 

2015; Wu et al., 2009). Intermediate cells are limited in proliferative capacity but are 

known to be the precursor for umbrella cells. Basal cells are cuboidal in shape and are 

metabolically active (Kobayashi et al., 2015; Gandhi et al., 2013; Frazier et al., 2012).  

These umbrella, intermediate and basal cells have a different expression of cytokeratin 

and p63. The umbrella cells are positive for CK18 and CK20 but negative for p63 

(Castillo-Martin et al., 2010; Karni-Schmidt et al., 2011). Intermediate and basal cells 

express CK5, CK10, CK14 and p63 (Castillo-Martin et al., 2010; Karni-Schmidt et al., 

2011). All layers express CK7 (Castillo-Martin et al., 2010). 

1.2 Bladder cancer 

1.2.1 Epidemiology 

Bladder cancer is the 9th most common cancer in the world and 10th most common 

cancer in the UK (Antoni et al., 2017;Cancer Research UK, 2019). In the UK, bladder 

cancer accounts for 3% of total cancer cases reported from 2014-2016 (Cancer Research 

UK, 2019). Bladder cancer is more prevalent in males than females. Among the ageing 
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population, a median age at diagnosis is at 73 years old (Cumberbatch et al., 2018) and 

the mortality rate is higher in developing countries (Antoni et al., 2017).  

1.2.2 Symptoms  

The most common symptom of bladder cancer is the presence of blood in the urine 

(macroscopic haematuria) which present in approximately 80% of bladder cancer patients 

(Cancer Research UK, 2019; Yazbek-Hanna et al., 2016; Ok et al., 2005). Other 

symptoms include microscopic haematuria, frequent urinating, pain or difficulty in urinating 

due to urinary obstruction (dysuria), abdominal pain and weight loss (Cancer Research 

UK, 2019; Yazbek-Hanna et al., 2016; Ok et al., 2005).  

1.2.3 Risks and causes  

Tobacco smoking is a significant risk factor for bladder cancer (Burger et al., 2013; 

Freedman et al., 2011). Cigarette smoke contains a diverse and high concentration of 

carcinogens, such as 1,3-butadiene, benzene, aldehydes, aromatic amines, ethylene 

oxide and N-nitrosamines (Centres for Disease Control and Prevention, 2010).  

Occupational exposure to industrial processing paints, dyes, metals, or petroleum 

products is the second major risk factor for bladder cancer (Redondo-Gonzalez et al., 

2015; Burger et al., 2013). These harmful chemicals exert a carcinogenic effect on the 

entire urinary system, especially in direct contact with the urothelium (Burger et al., 2013; 

McConkey et al., 2010). 

Age and gender have also been associated with bladder cancer, and the incidence rate is 

higher in older people and men (Letašiová et al., 2012; Kuper et al., 2002). Infection with 

parasitic flatworm Schistosoma haematobium is also associated with bladder cancer 

(Kiriluk et al., 2012; Mostafa et al., 1999). The infection is common in developing countries 

but rare in developed countries, and lead to the squamous cell carcinoma type of bladder 

cancer (Antoni et al., 2017; Michaud et al., 2007).  

 

1.2.4 Diagnosis 

One of the standard methods used to diagnose bladder cancer is cystoscopy. Cystoscopy 

is highly sensitive, but it has its limitation where it may fail to identify small papillary 

tumours and carcinoma in situ (CIS) (Cheung et al., 2013). The development of narrow-

band imaging (NBI) cystoscopy has aimed to overcome the issue (Jocham et al., 2008). 

NBI uses computer-enhanced cystoscopes which intensify the colour contrast of urothelial 

lesions (Bryan et al. 2008) and makes the blood vessels in tumours easier to see (Cancer 

Research UK, 2019).  
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The most widely adopted non-invasive urine test is cytology which includes Bladder 

Tumour Associated Antigen (BTA) test, Nuclear Matrix Protein (NMP22) test and Mcm5 

test (Kitamura and Tsukamoto, 2006; Van Rhijn et al., 2014; Cancer Research UK, 2019). 

These tests can be used to detect high-grade tumours but are limited for their sensitivity in 

low-grade tumours (Lotan et al., 2008). Fluorescence in situ hybridization (FISH) is also 

used to detect urinary cells that have chromosomal abnormalities, which are consistent 

with recurrence and progression to muscle-invasive bladder cancer (Kipp et al., 2009). 

However, this test is costly and associated with some false-positive results (Nieder et al., 

2007; Cheung et al., 2013).  

1.2.5 Types of bladder cancer and histopathological staging 

Majority of bladder cancer is classified as urothelial carcinoma (90%), and the remainder 

is composed of squamous cell carcinoma (8%) as well as adenocarcinoma (1-2%) 

(Cancer Research UK, 2019). 

Urothelial carcinoma (UC) could be further subcategorized into non-muscle invasive 

(NMIBC) which comprised approximately 75% of the reported UC, and the remaining 25% 

has muscle-invasive bladder cancer (MIBC) (Cumberbatch et al., 2018). 

UC is pathologically staged based on TNM classification in which T stands for tumour 

characteristics, N for regional lymph node status and M for the presence of metastasis 

(Cancer Research UK, 2019; EAU Guidelines, 2019) (Figure 1.1). 

The NMIBC patients are stratified into three groups; 1) low-risk tumours, 2) intermediate-

risk tumours, and 3) high-risk tumours based on the risk of recurrence and progression to 

MIBC (Hurst et al., 2017; EAU Guidelines, 2019). 

The MIBC patients are all classified as high-grade and staged based on the TNM 

classifications (EAU Guidelines, 2019).  

  



 

 

21 

 
 
Figure 1.1. T staging of bladder cancer according to Tumour-Node-Metastasis 
system (TNM). The T stage is based on the invasiveness of the tumour cells (Tis-T4). 
Superficial lesion in the urothelium (CIS / Tis). Non-invasive papillary carcinoma (Ta) 
Tumour invades lamina propria (T1). Tumour invades superficial muscle layer (T2a). 
Tumour invades deep muscle (T2b). Tumour invades perivesical tissue surrounding the 
bladder wall (T3). Tumour invades neighbouring organs (T4) (Adapted from Cancer 
Research UK, 2020; Knowles and Hurst, 2015).  
 
  

Tis
Ta

T1 T2a

T2b

T3

T4
Urothelium

Lamina propria /stroma

Inner muscle

Deep muscle



 

 

22 
1.2.6 Treatments 

1.2.6.1 Treatments for NMIBC 

The management for low-risk NMIBC includes transurethral resection of bladder tumour 

(TURBT) followed by one chemotherapy instillation, and cystoscopy surveillance (EAU 

guidelines, 2019). For Intermediate-risk of NMIBC, patients need to undergo repeated 

TURBT treatments followed with cycles of chemotherapy or intravesical full-dose Bacillus 

Calmette-Guérin (BCG), and more prolonged and frequent cystoscopy surveillance than 

the low-risk NMIBC (Bellmunt et al., 2017; EAU guidelines, 2019;). Meanwhile, for patients 

with high-risk NMIBC, full-dose of intravesical BCG is needed for one to three years, and 

radical cystectomy is offered for patients with the highest-risk of NMIBC (Cheung et al., 

2013; Bellmunt et al., 2014; EAU guidelines, 2019).  

1.2.6.2 Treatments for MIBC 

The primary treatment for MIBC is neoadjuvant chemotherapy, followed by radical 

cystectomy (Cheung et al., 2013). Chemotherapy involves a course of cisplatin-based 

chemotherapy, that is a combination of gemcitabine and cisplatin (GC) or methotrexate, 

vinblastine, doxorubicin (Adriamycin) and cisplatin (MVAC). During and after treatment, 

patients undergo a follow-up protocol to monitor tumour response, progression and 

recurrence (Bellmunt et al., 2014). If the patients are not fit, radiotherapy may also be 

offered.  

Depending on the fitness, patients with metastasis are treated with cisplatin-based 

chemotherapy as above as a first line (Cancer Research UK, 2019). The second line 

options are often clinical trials. 

1.2.6.3 Immunotherapy as a treatment for bladder cancer 

Intravesical instillation of BCG is the first immunotherapy that has been approved by the 

Food and Drug Administration (FDA) in 1990. BCG was shown to reduce the recurrence 

in NMIBC (Suttmann et al., 2006; Sylvester et al., 2006).   

Recently, five checkpoint inhibitors targeting PD1/PD-L1 have been approved by the FDA 

for the treatment of MBIC. These immune checkpoint inhibitors are being used as a first 

line therapy for cisplatin-ineligible advanced metastatic UC patients and as second line 

therapy for patients that are cisplatin-eligible, but tumour still grow after the cisplatin 

treatment (American Cancer Society, 2020; Ghatalia et al., 2018). For example, two PD-1 

inhibitors, Pembrolizumab and nivolumab, and three PD-L1 inhibitors, Avelumab, 

Durvalumab and Atezolizumab, are offered after the first-line cisplatin therapy (Massari et 

al., 2018). The clinical trial outcome for approved checkpoint inhibitors was encouraging in 

treating bladder cancer patients, with an increased survival rate compared to 
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chemotherapy (Rosenberg et al., 2016). However, it was reported that only a small subset 

of patients benefitted from the immunotherapy (Hahn et al., 2017). 

1.2.6.4 Prognosis  

Like other cancers, the prognosis of bladder cancer is mainly associated with the 

pathological stages of cancer. NMIBC showed favourable prognosis but had a higher 

recurrence (31%) and approximately 25 - 75% of higher risk NMIBC developed MIBC 

(Cumberbatch et al., 2018; Sylvester et al., 2006). For MIBC, the 5-year survival rate of 

pT2 tumours is 60-70%, and 36%–58%, in pT3. At pT4 stage, or when tumour spread to 

nearby lymph nodes, a high percentage of relapse was recorded (Rosenberg & Hahn, 

2009). Patients with metastasis also showed poor prognosis, with 5-year survival rates of 

9% (Cancer Research UK, 2019). 

1.3 Genetic alterations in bladder cancer  

It has been proposed that urothelial carcinoma arises from two different pathways starting 

from early pre-tumour lesions; 1) papillary and superficial lesions that give rise to 

hyperplasia (non-invasive), and 2) dysplasia that leads to CIS (invasive) (Knowles, 2008). 

The superficial papillary lesion may be derived from the genetic instability induced by 

gain-of-function mutations of oncogenes, including FGFR3, PI3K, and HRAS and the 

deletions in chromosome 9q (Iyer & Milowsky, 2013; Castillo-Martin et al., 2010; Knowles, 

2008; Jebar et al., 2005). In contrast, dysplasia/CIS is considered as a precursor of MBIC, 

derived from the genetic instability induced by loss-of-function of tumour suppressors, 

such as P53, RB and PTEN. 

1.3.1 Fibroblast Growth Factor Receptor 3 (FGFR3)  

1.3.1.1 FGFR3 expression and function 

FGFR3 is a glycoprotein and belongs to tyrosine kinase receptors family, FGFRs (Sturla 

et al., 2003; Junker et al., 2008). It is normally expressed in the cartilage, central nervous 

system and testis (Iwata & Hevner, 2009; Plowright et al., 2000; Cancilla et al., 1999). 

FGFR3 mediates signalling pathways that control cellular processes, such as proliferation, 

migration and differentiation (Iyer & Milowsky, 2013; Turner & Grose, 2010). It has also 

been shown to play a role in angiogenesis, wound healing and embryonic development 

(Chen et al., 2015; Kang et al., 2017). 

FGFR3 negatively regulates bone development, and its overactivation causes dwarfism 

(Kang et al., 2017; Chen et al., 2005; Iwata, 2001; Iwata, 2000). The roles of FGFR3 are 

also known to be involved in tumorigenesis of bladder cancer and multiple myeloma. A 

high frequency of mutation in FGFR3 is associated with these cancer types (Kang et al., 

2017; Iyer & Milowsky, 2013; Junker et al., 2008; Chen et al., 2005).   
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1.3.1.2 FGFR3 signalling 

The extracellular portion of FGFR3 binds FGF-1-10,16-23 for its activation (Iwata & 

Hevner, 2009; Powers et al., 2000; Jaye et al., 1992) (Figure 1.2). FGFR3 activation 

causes dimerization and subsequent phosphorylation of tyrosine residues (Spivak-

Kroizman et al., 1994; Chen et al., 2005; Ornitz and Itoh, 2015). The activated kinase 

binds to cytosolic adaptor proteins, triggering various intracellular signalling pathways for 

cell growth and differentiation including mitogen-activated protein kinases (MAPKs), 

STAT, phosphatidylinositol 3–kinase (PI3K), and PLC! but not PKB/AKT (Spivak-

Kroizman et al., 1994; Chen et al., 2005; Iwata and Hevner, 2009; Ornitz and Itoh, 2015).  

1.3.1.3 FGFR3 alteration in bladder cancer 

As stated above, FGFR3 is commonly mutated in bladder cancer, multiple myeloma, 

cervical cancer (Kang et al., 2017). FGFR3 mutations associated with bladder cancer 

include R248C, S249C in the ligand-binding domain, K652E in the kinase domain, and 

G372C and Y375C in the transmembrane domain (Billerey et al., 2001). K652E is 

equivalent to K644E in mice (Iwata et al., 2000). 70% of NMIBC show FGFR3 point 

mutations (Di Martino et al., 2016; Kang et al., 2017). High expression of FGFR3 was also 

linked with the low-grade NMBIC, with the high-recurrence rate (Kang et al., 2017). In 

contrast, FGFR3 mutations were not detected in CIS (Billerey et al., 2001). 

Overexpression of wild-type FGFR3 was observed in 40% of MIBC patients (Hahn et al., 

2017). High expression of FGFR3 was also associated with poor prognosis in MIBC 

(Sjödahl et al., 2012). 

Mutations and overexpression of FGFR3 lead to constitutive dimerization and activation of 

oncogenic signalling pathways, including RAS/MAPK, PI3K/AKT and STAT (Bernard-

Pierrot et al., 2006). 

It has been shown that FGFR3 mutation alone does not cause spontaneous bladder 

tumour in mice, but a combination of FGFR3 mutation with deletion of PTEN, an inhibitor 

for PI3K-AKT signalling, was shown to induce urothelial abnormalities (Foth et al., 2014). 
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Figure 1.2. FGFR3 structure. FGFs bind to immunoglobulin domains (IgI,II, III) triggered  
receptor dimerization and conformational change which then lead to transphosphorylation 
of the tyrosine kinase . Subsequently, kinase binds to cytosolic adaptor proteins to trigger 
various intracellular signalling cascades including MAPKs, STATs, PI3K and PLCγ 
(Adapted from Turner and Grose, 2010).  
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1.4 Inflammation and immunity in non-cancer conditions 

1.4.1 Acute inflammation in non-cancer conditions 

Acute inflammation is a response to tissue stressor induced by infection or injury 

(Medzhitov, 2008; Freire and Dyke, 2013). A natural acute inflammatory response is self-

limiting, with a balance of pro- and anti-inflammatory factors (Coussens and Werb, 2002; 

Freire and Dyke, 2013). The goal for the acute inflammatory response is to eradicate 

pathogen or foreign materials and induce subsequent tissue repair with minimal physical 

changes on the tissue (Sansbury & Spite, 2016). The degree of the response depends on 

the cause and persistence of the inflammation (Freire and Dyke, 2000).  

During an acute inflammatory response, the recruitment of innate immune cells precedes 

the adaptive immune cells (Schreiber et al., 2011). The recruitment is initiated by the 

upregulation of inflammatory mediators by the mast and tissue-resident macrophages 

(Gilroy & Lawrence, 2008). The neutrophils are then recruited, followed by monocytes 

which then differentiate to phagocytosing macrophages at the site of inflammation 

(Sansbury & Spite, 2016).  

Once the inciting agent is removed, the inflammation is resolved to avoid excessive 

inflammatory responses and chronic inflammation. The release of lipid mediators such as 

lipoxins, resolvins and prostaglandins (PGs) play a role as a “stop signal” for the influx of 

neutrophils, and for the macrophages to remove apoptotic neutrophils (Freire and Dyke, 

2000; Gilroy and Lawrence, 2008). The number of macrophages correlates with the 

number of neutrophils at the inflammation site (Selders et al., 2017). Macrophages ingest 

apoptotic neutrophils before they egress towards the lymphatic system or undergo the 

apoptosis process (Freire and Dyke, 2000). Other inflammation resolving mediators, such 

as cytokines and fibroblasts, also aid in neutralizing the chemokine gradients to restore 

the homeostasis back to normal (Gilroy and Lawrence, 2008).  

1.4.2 Chronic inflammation in non-cancer conditions 

Dysregulated inflammation and failure to resolve pro-inflammatory mediators lead to 

chronic inflammation (Coussens and Werb, 2002; Freire and Dyke, 2013). The prolonged 

and excessive activation of cytokine and chemokine signalling cascade leads to the 

uncontrolled infiltration of leukocytes, which promote pathological changes in the tissue 

(Ptaschinski & Lukacs, 2017).   

Chronic inflammation contributes significantly to the pathogenesis of Type II diabetes, 

asthma, neurological disorder, rheumatoid arthritis and cancer (Multhoff et al., 2012; 

Nathan & Ding, 2010; Kotas & Medzhitov, 2015).  
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1.4.3 Innate immune response in non-cancer conditions 

As discussed in 1.4.1, innate immune response works as the first line of host defences 

against foreign materials. The system varies from non-specific barrier functions such as 

pulmonary, skin, and guts epithelial cells, to highly selective immune cells, including 

dendritic cells, macrophages, neutrophils and natural T-killer cells (Clark & Kupper, 2005). 

Some of the components such as dendritic cells and macrophages, which are also known 

as antigen-presenting cells (APCs), are critical factors in initiating and instructing adaptive 

immune response against pathogens (Clark and Kupper, 2005). APCs express pathogen-

recognition receptors (PRR) on their cell surface that could recognize pathogen-

associated molecular patterns (PAMP) (Courtney et al., 2018).  

1.4.4 Adaptive immune response in non-cancer conditions 

The adaptive immune response (acquired immunity) is a part of the immune system that 

provides a response to antigen and maintains pathogen-specific memory cells (Courtney 

et al., 2018; McComb et al., 2013). The adaptive immune system is mainly composed of T 

cells and B cells that mediate cellular immune response and antibody production, 

respectively (McComb et al., 2013). Compared to the innate immune system, the adaptive 

immune system is more flexible but slower and dependent on the innate immune system 

for its initiation (Clark and Kupper, 2005). The flexibility of the adaptive immune system is 

enabled by the T cells which change at the DNA level during development, creating a 

variety of T and B cell receptors that could recognize almost any antigen (Clark & Kupper, 

2005; McComb et al., 2013).  

1.5 Inflammation and immunity in cancer  

1.5.1 Chronic inflammation in cancer 

Chronic inflammation is listed as one of the hallmarks of cancer (Hanahan & Weinberg, 

2011). The immunologic components of chronic inflammation in cancer consists of pro-

inflammatory cells, such as macrophages, neutrophils, lymphocytes, and pro-inflammatory 

and immunosuppressive cytokines, such as tumour necrosis factor-alpha (TNFα), 

transforming growth factor-beta (TGF- β), IL-1, IL6, IL-10 and PGH-2. These components 

are present in the tumour and in the stroma ( Coussens and Werb, 2002; Multhoff, Molls 

and Radons, 2012; Sui et al., 2017; Tesi, 2019). 

Chronic inflammation contributes to tumorigenesis at all stages, from initiation, 

progression and to metastasis (Schreiber et al., 2011; Grivennikov et al., 2010a). At the 

initiation and pre-malignant stages, inflammatory cells induce genetic modification via the 

production of inflammatory cytokines, reactive oxygen species (ROS) and reactive 

nitrogen species (RNS) (Grivennikov et al., 2010a). At the tumour-promoting stage, the 

local inflammation by the pro-inflammatory cells and cytokines activate transcription 
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factors, such as NF-KB and STAT3, leading to the proliferation of tumour cells (Schreiber 

et al., 2011; Grivennikov et al., 2010a). At the later stage of tumorigenesis, the unresolved 

inflammation enhances angiogenesis, tissue invasion and immunosuppression, 

establishing an environment for the tumour progression and metastasis (Schreiber et al., 

2011; Grivennikov et al., 2010a). 

1.5.2 Chronic inflammation in bladder cancer 

Bladder cancer is sensitive to acute inflammation and is promoted by chronic inflammation 

(Grivennikov et al., 2010a). Several factors trigger chronic inflammation in the bladder, 

including urinary tract infection (UTI), chemical and mechanical irritations such as 

cigarette smoke, and infections by Schistosoma haematobium (Sui et al., 2017; Michaud 

& Sc, 2007). These factors are known risks of bladder carcinogenesis (Michaud & Sc, 

2007). Persistent chronic inflammation in the urothelium may lead to an increase in 

replicative potential of the urothelial cells, which may later result in the pathological 

changes of the urothelium, such as dysplasia, metaplasia, carcinoma in situ (CIS) (Sui et 

al., 2017; Clouston & Lawrentschuk, 2013; Takahashi et al., 2000). These lesions may 

subsequently progress to invasive carcinoma with the histological subtype of squamous 

cell carcinoma (Michaud & Sc, 2007).  

1.5.3 Cancer immunosurveillance  

Cancer immunosurveillance is a concept of how innate and adaptive immune systems 

function as a tumour suppressor (Dunn et al., 2004). The evidence of cancer 

immunosurveillance in mammals is largely based on the evidence from the use of mouse 

models in cancer (Vesely et al., 2011). For example, immunodeficient mice are shown to 

be susceptible to develop spontaneous and carcinogen-induced tumours. Tumours from 

immunodeficient mice are more immunogenic than those developed in immunocompetent 

mice (Engel et al., 1997; Smyth, Godfrey and Trapani, 2001; Dunn et al., 2002).  

Immune responses are influenced by the characteristics of tumours, such as cell type and 

origin, mechanism of transformation and inherent immunogenicity (Dunn et al., 2004). The 

lymphocytes and cytokines function as extrinsic factors in eradicating tumour initiation 

when the intrinsic factors failed to induce repair mutations and programmed cell death 

(Vesely et al., 2011; Smyth et al., 2001).  

In additions to dendritic cells, macrophages, natural killer cells (NK cells) and natural killer 

T cells (NKT cells), studies have shown that αβ T cells and γδ T cells are also important in 

immunosurveillance (Girardi et al., 2003; Girardi et al., 2018; Smyth et al., 2001). NK cells, 

αβ CD8 T cells and γδ T cells express NKG2D-activating receptor that helps to distinguish 

between the tumour from non-tumour cells (Dunn et al., 2004). Effectors for cell 

cytotoxicity, and cytokines, such as perforin, interferon-gamma (IFN-γ) and Fas-Fas ligand 
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(FasL), are also critical in mediating the immune activities against neoplastic cells (Vesely 

et al., 2011; Smyth et al., 2001).  

1.5.4 Cancer immunoediting 

The concept of cancer immunoediting has been introduced to explain the changes in the 

immune system from host-protective to host-tumour promoting (Smyth et al., 2006; Dunn 

et al., 2004). It involves three main phases, firstly, elimination phase or the cancer 

immunosurveillance by the innate and adaptive immune systems, secondly, equilibrium in 

which surviving tumour variants enter the dormancy period, and lastly, the escape of 

tumour cells with reduced immunogenicity (Schreiber et al., 2011; Vesely et al., 2011; 

Smyth et al., 2006).  

During the elimination phase, the innate and adaptive immune systems detect and 

eradicate the growth of abnormal cells (Schreiber et al., 2011; Vesely et al., 2011). Some 

abnormal cells could survive immune destruction and enter the equilibrium phase (Smyth 

et al., 2006). During this equilibrium phase, immune cells, such as CD4+ CD8+ T cells, and 

immunostimulatory factors, such as IL-12 and IFN-g c, still control and prevent the growth 

of these dormant tumour cells (Dunn et al., 2004). However, tumours develop ways to 

escape these regulations and limit the immune surveillance with the elimination of tumour-

neoantigen, reduction of effector T cells infiltration, and immunosuppressive activities 

induced in the tumour microenvironment (Singel & Segal, 2016; Schreiber et al., 2011). 

1.6 Innate and adaptive immune cells 

1.6.1 Neutrophils 

Neutrophils are polymorphonuclear cells (PMN). They are produced at a rate of 1011 cells 

daily and account for 50-70% of the total circulating leukocytes (Cheng et al., 2019; 

Rosales, 2018; Selders et al., 2017). Neutrophils have been reported to have a short half-

life, which is only about 8 hours in humans (Dancey et al., 1976). However, later studies 

showed that the half-life of neutrophils is much longer, 91.2 hours in humans and 12.5 

hours in mice (Pillay et al., 2010). 

1.6.1.1 Function of neutrophils 

Neutrophils act as the first responders to the damaged and inflamed sites. Neutrophils 

promote clearance of the pathogen and debris by phagocytosis (Freire and Dyke, 2000). 

The destructive potentials of neutrophils towards pathogens are based on the generation 

of oxidases, such as NADPH oxidase (NOX2), the release of cytotoxic granular 

constituents, such as myeloperoxidase (MPO), and formation of neutrophil extracellular 

traps (NETs) (Singel & Segal, 2016).   
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1.6.6.2 Development and maintenance of neutrophils 

The term, granulopoiesis, refers to the development of neutrophils in the bone marrow 

under the control of G-CSF to arise from haematopoietic stem cells (HSC) (Görgens et al., 

2013). HSCs differentiate to lymphoid-primed multipotent progenitors, and then to the 

granulocyte-monocyte progenitors (GMP) (Coffelt et al., 2016). The GMP undergoes a 

series of maturation steps to give rise to circulating neutrophils.  

The stages of maturation consist of proliferative and non-proliferative phases (Ng et al., 

2019; Rosales, 2018). During the proliferative stage, myeloblasts, derived from GMP, 

differentiate into promyelocytes and then to myelocytes. The myelocytes give rise to the 

non-proliferative metamyelocytes, which mature to banded neutrophils, and finally fully 

matured neutrophils (Ng et al., 2019).  

The development of granules begins in myeloblast and early promyelocytes and ends by 

the generation of secretory vesicles in mature, hyper-segmented neutrophils (Lawrence et 

al., 2018; Koenig et al., 2017). The granules contain proteins, receptors, adhesion 

molecules, and inflammatory mediators that play vital roles in every aspect of neutrophil 

function. A sequence of granule formation starts from the formation of azurophilic 

granules in promyelocyte. This follows the formation of secondary, “specific” granules in 

myelocyte, tertiary granules predominantly filled with gelatinase in metamyelocyte, and 

lastly, secretory granules in mature neutrophils (Lawrence et al., 2018).  

During abnormal immune reactions driven by chronic inflammation or tumour pressure, 

production and release of neutrophils from the bone marrow rapidly increase to 

accommodate their demand (Rankin, 2010; Coffelt et al., 2016). This is called “emergency 

granulopoiesis” 

 1.6.6.3 Regulation of neutrophil function and migration  

Neutrophils express a diverse class of surface receptors, which include G-protein coupled 

receptors, Fc-receptors, adhesion receptors, cytokine receptors and innate immune 

receptors (Futosi et al., 2013). 

Neutrophils express G-protein coupled receptors, CXC or CXC3C chemokine receptors, 

including CXCR1, CXCR2, CXCR4 and CX3CR1, which are essential for their recruitment 

towards inflammatory sites (Stadtmann & Zarbock, 2012).  

Neutrophils respond towards diverse inflammatory mediators, including selectins, 

chemokines, and integrins (Stadtmann and Zarbock, 2012). Mechanisms of neutrophil 

recruitment to the inflammatory sites could be described in four major steps; 1) recognition 

of the inflammation signals, 2) rolling along the capillary wall, 3) adhesion on the 
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endothelium and 4) extravasation into the tissue (Bardoel et al., 2014). The recruitment of 

neutrophils is guided by the chemokine gradients (Ptaschinski & Lukacs, 2017). 

An in vivo study using an inflammatory model showed that neutrophils recruitment occurs 

in two waves. The first wave is to initiate the innate response, and the second wave, to 

induce the signalling cascade for the adaptive response (Lombard et al., 2016). 

Neutrophils in the first and second waves do not differ in their cytotoxic ability and 

phenotype (Lombard et al., 2016). The accumulation of neutrophils during the first wave 

has been shown to lead to the accumulation of monocytes/macrophages (Freire and 

Dyke, 2000).  

The recruited neutrophils at the inflamed site express a higher level of IL-6, IL-1B, TNF, 

CXCL1 and CXCL2, compared to circulating neutrophils (Sadik et al., 2011). The higher 

expression of these pro-inflammatory cytokines may lead to the amplification of 

inflammatory signalling in recruiting more neutrophils (Sadik et al., 2011). The presence of 

neutrophils at the inflamed sites triggers the production of host-chemoattractant, which 

orchestrate the recruitment of other inflammatory cells, such as macrophages (Freire and 

Dyke, 2013; Coffelt et al., 2016).  

1.6.6.4 Tumour-associated neutrophils (TANs) 

The TANs are the term that defines neutrophils that infiltrate the tumour. The recruitment 

of the TANs is induced by several factors, including hypoxia and nutrient starvation in the 

tumour microenvironment (Coffelt et al., 2016; Singel & Segal, 2016; Massena et al., 

2015; Christoffersson et al., 2012). High cellular proliferation and apoptosis in the tumour 

microenvironment can lead to the release of damage-associated molecular patterns 

(DAMP) which later attracts neutrophils recruitment (Powell & Huttenlocher, 2016a; Singel 

& Segal, 2016; Zhang et al., 2010). Neutrophils interact with tumour and the tumour-

stroma to generate cross-signalling to other inflammatory cells, such as macrophages 

(Powell & Huttenlocher, 2016a; Silvestre-Roig et al., 2016; Singel & Segal, 2016). 

The heterogenicity of TANs could be characterised by their biological characteristics and 

properties, including maturation status, proliferative capacity, tissue localisation, site of 

origin, and effector function (Ng et al., 2019; Singel & Segal, 2016; Fridlender et al., 

2012a; Fridlender et al., 2009). The TANs are also characterised by population-based 

transcriptional profiling and epigenetic regulations (Ng et al., 2019). 

Surface markers have been used to differentiate the TANs into three distinctive 

populations; 1) low-density mature TANs, 2) high-density mature TANs, and 3) low-

density immature TANs (Hsu et al., 2019; Sagiv et al., 2015). Singhal et al. (2016) have 

reported that a subset of TANs possesses APCs markers (HLA-DR, CD14, CD206. CD86. 
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CCR7). However, they lack other APC markers in dendritic cells and macrophages 

(CD209, CD204, CD83, CD163, CD1c, CCR6). These APC-TANs augmented T cell 

responses against tumour in the early-stage lung adenocarcinoma, but the population 

decrease at the later stage. It was also shown that the APC-TANs originated from the 

immature neutrophil progenitors (CD11b+ CD15hiCD10-CD16low) and that their 

differentiation into either immune-stimulatory or immune-suppressive were likely to be 

regulated by IFNγ.  

Under tumour pressure, G-CSF expands the granulopoiesis leading to the release of 

mature and immature neutrophils from the bone marrow to the bloodstream, then to the 

tumour sites or distant organ (Coffelt et al., 2016; Brandau et al., 2013). This aids 

metastasis-niche seeding (Singel and Segal, 2016). Circulating immature neutrophils 

have a higher half-life than mature neutrophils owing to high expression of survivin, an 

anti-apoptotic protein (Altznauer et al., 2004). Similar to mature neutrophils, immature 

neutrophils are non-proliferative but migrate towards inflammatory stimuli at the same rate 

(Evrard et al., 2018).  

The plasticity of TANs is described under the N1 and N2 classification, a nomenclature 

adopted from M1/M2 tumour-associated macrophages (TAM). N1 classifies TANs with an 

anti-tumour phenotype that aids host adaptive immunity. In contrast, N2 classifies pro-

tumour TANs associated with the increase of angiogenesis and inflamed tumour 

microenvironment (Fridlender et al., 2012a; Fridlender et al., 2009; Andzinski et al., 2015). 

The pro-tumour TANs are also associated with the metastatic seeding and its progression 

(Coffelt et al., 2015; Steele et al., 2016). 

Clinically, a higher neutrophil-to-lymphocyte ratio (NLR) is mostly associated with poor 

prognosis and tumour progression in several solid cancers, including pancreas, lung, 

colon and liver (Guthrie et al., 2013). However, in gastric cancer, NLR was associated 

with a higher survival rate (Caruso et al., 2002). 

1.6.6.5 Neutrophils in bladder cancer 

In bladder cancer, the higher TANs were associated with worse pathological grades of 

bladder tumours as well as the higher recurrence of NMIBC (Liu et al., 2018). Bladder 

cancer patients with high TANs and NLR also have a poor prognosis (Zhang et al., 2017). 

High circulating and tumour-infiltrating granulocytic myeloid cells were observed in bladder 

cancer patients (Eruslanov et al., 2012). The CD11b+ CD15+ HLA-DR- population, was 

shown to induce the production of pro-inflammatory cells (Eruslanov et al., 2012).  
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1.6.2 Macrophages 

1.6.2.1 Macrophages in non-cancer conditions 

Macrophages are a heterogeneous population of myeloid cells, and their differentiation, 

homeostasis and functions are mainly influenced by the surrounding environmental stimuli 

(Chow et al., 2011; Mosser & Edwards, 2008). The classical function of macrophages is 

phagocytosis that aids the removal of apoptotic and senescence cells, toxin and cellular 

debris (Mosser & Edwards, 2008; Murray & Wynn, 2011). Macrophages are also 

important as APCs to activate T cell immunity (Gordon, 2003).  

The heterogeneity of macrophages depends on the differentiation of their precursor, 

monocytes (Lawrence & Natoli, 2011). Tissue-resident macrophages are known as 

sentinel cells that protect the host against a pathogen or environmental challenges and 

maintain homeostasis (Davies et al., 2013). Tissue-resident macrophages also involved in 

other physiological processes such as bone development, angiogenesis and regulation of 

metabolism (Davies et al., 2013). 

Macrophages are the primary source of pro-inflammatory cells for neutrophils recruitment 

in the bladder by secreting the CXCL1 and MIF (Schiwon et al., 2014).  

1.6.2.2 Tumour-associated macrophages (TAMs)  

The plasticity of macrophages in the tumour microenvironment is defined with the 

designation of M1 and M2 phenotypes, that represent the classical-activated and 

alternative-activated macrophages, respectively. M1 is pro-inflammatory and possess 

anti-tumorigenic properties. In contrast, M2 is anti-inflammatory and pro-tumorigenic (Aras 

& Raza Zaidi, 2017; Murdoch et al., 2008; Mantovani et al., 2002).  

M1 macrophages are stimulated by LPS and by IFN-γ. They also express a high level of 

pro-inflammatory cytokines and MHC I and II, and cytotoxic factors (Grivennikov et al., 

2010a; Ugel et al., 2015; Mantovani et al., 2002). The polarization of M2 is stimulated by 

IL4 and IL13, with downregulation of suppressive factors, such as IL12 (Aras & Raza 

Zaidi, 2017; Ugel et al., 2009; Grivennikov et al., 2010a; Mantovani et al., 2002). 

Most TAMs are reported to resemble the M2 phenotype, which aids the tumour cell 

migration, invasion, metastasis and tissue remodelling (Mantovani et al., 2002; Condeelis 

and Pollard, 2006; Aras and Zaidi, 2017). However, recent evidence has suggested that 

these two phenotypes are interchangeable and often coexist. Therefore, these 

characteristics of macrophages remain to be better clarified (Martinez & Gordon, 2014; 

Gordon, 2003).  
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1.6.3 Myeloid derived suppressor cells (MDSCs) 

MDSCs are heterogeneous cell populations that resulted from altered myelopoiesis (Ugel 

et al., 2015; Sica et al., 2012; Highfill et al., 2010). Humans and mice MDSCs are 

classified into three subpopulations; 1) polymorphonuclear/granulocyte MDSCs, 2) 

monocytic MDSCs, and 3) immature MDSCs (Ugel et al., 2015).  

The granulocyte MDSCs resemble immature neutrophils and lack expression of MHC II 

and CD86, the co-stimulatory factor for antigen processing and presentation (Movahedi et 

al., 2008; Hsu et al., 2019). The monocytic MDSCs have phenotype overlapping with the 

M2 TAM (Sica & Bronte, 2007).  

MDSCs are known to negatively regulate the immune system by promoting the 

recruitment of T regulatory cells (Treg) via IFN-γ and IL10 (Huang et al., 2006). MDSCs 

were also shown to induce the transformation of fibroblasts to cancer-associated 

fibroblast, and that they skewed the macrophages to M2 TAM phenotype by 

downregulating the expression of IL12 (Ugel et al., 2015; Sica & Bronte, 2007). The 

immunosuppressive activities of MDSCs are associated with high expression of arginase 

1, iNOS and ROS production (Greten et al., 2011; Highfill et al., 2010). The presence of 

MDSCs has been implicated in various immune dysregulated diseases associated with 

chronic inflammation especially cancer (Ugel et al., 2015; Greten et al., 2011).  

The expansion and recruitment of MDSCs in the tumour microenvironment was 

associated with the tumour growth, angiogenesis and metastasis progression (Ye et al., 

2010; Yang et al., 2008). Increase in the infiltration of MDSC leads to suppression of T 

cell activities in a melanoma mouse model (Meyera et al., 2011; Bronte et al., 2000).  

Monocyte MDSC (CD14+HLADR−/low) was associated with clinical stages and pathological 

grade of bladder cancer (Yuan et al., 2011). 

In the tumour microenvironment, tumour cells induce overexpression of Csf2 (also known 

as GM-CSF), leading to the expansion of immature MDSC from haematopoietic cells 

(Stromnes et al., 2014). GM-CSF and G-CSF regulate the differentiation of myeloid 

precursors to monocytic MDSCs and granulocyte MDSCs, respectively (Ugel et al., 2015; 

Coffelt et al., 2016). Chemokines and cytokines are involved in the recruitment of MDSCs 

(Murdoch et al., 2008). Increased production of CCL2, CXCL12 and CXCL5 lead to the 

recruitment of MDSCs by binding to their respective receptors CCR2 and CXCR2 on 

MDSCs (Highfill et al., 2014; Sawanobori et al., 2008). High expression of CXCR2 

expression in tumour-bearing mice was also shown to regulate the differentiation of 

haematopoietic cells to monocytic MDSCs (Han et al., 2019).  
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1.6.4 T cells 

1.6.4.1 T cells in non-cancer conditions 

T cell development occurs in the thymus (Burt & Verda, 2004). A state of differentiation is 

characterised by the expression of cell differentiation surface molecules (Burt & Verda, 

2004; Zúñiga-Pflücker, 2004). The precursor cell, known as thymocyte, lack expression of 

CD4 or CD8, termed as a double-negative, before differentiating into double-positive 

CD4+CD8+ cells, and lastly single-positive cell of either CD4+ or CD8+ (Michie & Zúñiga-

Pflücker, 2002). CD8+ T cells recognise peptides in association with MHC I molecules 

found on all nucleated cells, whereas CD4+ T cells recognise peptides presented by MHC 

II molecules (Blum et al., 2013). CD4+ and CD8+ T cells play a major role in maintaining 

adaptive and memory responses (Smyth et al., 2001).  

The activation of T cells occurs in three major steps; 1) the engagement of antigen to 

TCR, 2) co-stimulation of pathogen-associated molecular patterns (PAMPs) on the 

surface of T cells, and 3) differentiation of T helper cells (CD4+) to effector T cells (CD8+) 

(Jain & Pasare, 2017; Smyth et al., 2001). In the first step, the APC presents the antigen 

peptide by binding MHC I and/or MHC II presented on T cells (Courtney et al., 2018). The 

binding led to the co-stimulation of PAMPs on TCR, which helps to distinguish the self-

antigen from non-self-antigen (Jain & Pasare, 2017). The co-stimulation leads to stimulate 

the increase of innate cytokines for the differentiation of T helper cells to effector T cells 

(Jain & Pasare, 2017; Smyth et al., 2001). 

1.6.4.2 Tumour-infiltrating T cells  

The effectiveness of anti-tumour activities by T cells is influenced by various factors, 

including the trafficking of effector T cells to the tumour sites and their interactions with the 

checkpoint inhibitors (Singel and Segal, 2016).  

Human cancers can be stratified into three immune profiles, based on the presence and 

cytotoxic activities of T cells (Chen & Mellman, 2013). The first profile is “immune desert” 

in which there are no T cells present in the tumour and/or its surrounding. The second is 

“immune excluded” in which T cells are present in adjacent to tumour area but unable to 

infiltrate into the tumour area. The third is “inflamed” which represents tumours with high 

infiltration of T cells but are inactive to kill the tumour cells.  

A high level of tumour-infiltrating T cells was associated with an increase in the expression 

of immune-inhibitory molecules such as PD-L1, IDO, FOXP3, TIM3 and LAG3 in MIBC 

(Sweis et al., 2016).  
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1.7 CXCR2 

1.7.1 CXCR2 Structure  

CXCR2 is a G-protein coupled receptor (G-PCR) (Murphy, 1994). It has seven 

transmembrane regions with the N-terminus at the extracellular side, for the binding of the 

ligands, and the C-terminus in the cytoplasm for the guanine nucleotide exchange (Figure 

1.3) (Roth & Hebert, 2000).  

In humans, CXCR2 binds to 7 chemokines that are known as glutamic acid-leucine-

arginine (ELR)-positive chemokines, CXCL1-3 and CXCL5-8 (Roth and Hebert, 2000). In 

mice, Cxcr2 binds to the same chemokines, except that mice lack CXCL8, and Cxcl6 is 

homologous to the human CXCL5 and CXCL6 (Sherwood et al., 2015). Both human and 

mouse CXCR2 have been proved to be equal in functions, which allow the use of animal 

models to test the human receptor roles (Mihara et al., 2005). 
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Figure 1.3. Tertiary structure of CXCR2. The transmembrane helical domains are 
indicated by the tubular structures, numbered 1 - 7. The seven hydrophobic regions of the 
receptors are embedded in the plasma membrane. Three extracellular loops are 
designated EL1-3. The free N-terminal tail is extracellular and for the binding site of 
CXCR2 ligands. The C-terminus is in the cytoplasm and contain serine and threonine for 
the phosphorylation, internalization and sequestration processes. Binding of CXCR2 to 
the ligands lead to the conversion of GDP to GTP. Adapted from (Cheng et al., 2019; 
Roth & Hebert, 2000). 
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1.7.2 CXCR2 expression  

In general, chemokines are classified into two groups depending on their roles as either 

inflammatory or homeostatic (Moser & Loetscher, 2001). Inflammatory chemokines are 

produced under pathological conditions, such as inflammation, and involved in the 

trafficking of the leukocytes to the sites of inflammation. Homeostatic chemokines are 

continuously produced within tissues and play a regulatory role of inflammation (Zlotnik et 

al., 2011; Moser & Loetscher, 2001). 

CXCR2 is classified as a homeostatic chemokine receptor. It is widely expressed in 

different haematopoietic and inflammatory cells such as eosinophils, natural killer cells, 

neutrophils, macrophages, mast cells, and monocytes as well as endothelial cells (Roth & 

Hebert, 2000; Murphy et al., 2000).  CXCR2 is also expressed by non-haematopoietic 

keratinocytes and endothelial cells. 

1.7.3 CXCR2 function  

The binding of Cxcr2 ligands to their receptor activates multiple G-protein-mediated 

signalling cascades for the physiological and pathophysiological processes involved in 

inflammation and cell proliferation (Cheng et al., 2019; Han et al., 2015). The activation 

regulates the expression of multiple cytokines and chemokines to form a positive-

feedback loop in enhancing the function of CXCR2 (Cheng et al., 2019).  

Cytokines are a small secreted protein that is important for immune and inflammatory 

responses (Zhang and An, 2007). The production of cytokine immune and inflammatory 

cells could enhance the tumour promotion and progression by providing the continuous 

growth factor and survival signals (Grivennikov et al., 2010a).  

CXCR2 acts as a mediator of leukocyte recruitment to the sites of inflammation and its 

activation (Bizzarri et al., 2006; Baggiolini & Loetscher, 2000). The binding with its ligands 

mediates host defences by inducing chemotaxis and intracellular calcium mobilization in 

different leukocyte subsets (Wu et al., 2012; Roth & Hebert, 2000). 

CXCR2 also regulates wound healing process via recruitment of neutrophil to the wound 

site (Devalaraja et al., 2000a; Milatovic et al., 2003). Several in vivo studies have also 

shown CXCR2 roles in inflammatory diseases including rheumatoid arthritis and multiple 

sclerosis (Liu et al., 2010; Coelho et al., 2008; Jacobs et al., 2010).  

CXCR2 is also a key player in senescence pathways, including replicative senescence 

and oncogene-induced senescence (OIC) (Acosta et al., 2008; Acosta & Gil, 2009). Cxcr2 

deletion could delay and impair both replicative and oncogenic-induced senescence (OIC) 

(Acosta and Gil., 2009). OIC is regarded as the first barrier of defence against cancer 



 

 

39 
development (Haugstetter et al., 2010). Oncogene-induced DNA damage response (DDR) 

and/or cytokine signalling were suggested to be involved in increasing the intrinsic 

senescence prior to DNA damage or early lesion expansion (Bartek et al., 2008). The loss 

of this senescence barrier contributes to the expansion of the lesion, which later becomes 

malignant. In vitro studies showed that CXCR2 is pivotal in maintaining oncogene-induced 

senescence where the expression of this receptor and its ligands were increased during 

this process (Acosta et al., 2008). 

1.7.4 CXCR2 downstream signalling  
CXCR2 acts as guanine nucleotide exchange factors (GEF) for the heterotrimeric G 

proteins (Roth and Herbert, 2000). In the inactive, guanosine diphosphate (GDP)-bound 

state, heterotrimeric G proteins associate with the intracellular domains of CXCR2 (Roth 

and Herbert, 2000; Cheng et al., 2019). Binding of the ELR+ chemokine ligands to CXCR2 

leads to its guanine nucleotide exchange activity, converting GDP to GTP of the G protein 

(Stadtmann and Zarbock, 2012). The G protein then subsequently dissociates into α, βγ 

subunits to activate multiple downstream signalling cascades (Stadtmann and Zarbock, 

2012).   

1.7.5 Regulation of neutrophil transmigration by CXCR2 

CXCR2 and its ligands, CXC ELR+ chemokines, are pivotal for transmigration of 

neutrophils to the sites of inflammation (Köhler et al., 2011; Moser et al., 1993; Baggiolini 

& Loetscher, 2000). CXCL8 (also known as IL8) is the predominant ligand for CXCR2 in 

humans (Campbell et al., 2013).  

The expression of CXCR2 increases proportionally during the maturation stage of 

neutrophils (Grassi et al., 2018). Mature neutrophils express a high level of CXCR2 and 

the level of CXCR2 decreases when neutrophils enter the senescent phase and apoptosis 

(Rankin, 2010). The decrease of CXCR2 expression is concomitant with the increase of 

CXCR4 expression, which is a mechanism for the homing of neutrophils back to the bone 

marrow (Sadik et al., 2011; Rankin, 2010).  

CXCR2 mediates neutrophil migration via PI3K/AKT pathway (Cheng et al., 2019). G-CSF 

regulates the CXCR2 and CXCR4 expression during the homeostasis by controlling the 

number of endothelial cells and osteoblast, the major sources for CXCR2 and CXCR4 

ligands, respectively (Sadik et al., 2011; Semerad et al., 2005). 

 In cancer, both pro- and anti-tumorigenic properties of CXCR2 are mostly associated to 

its primary role as a chemotactic factor of neutrophils (Steele et al., 2016; Steele et al., 

2015; Jamieson et al., 2012; Acosta et al., 2008).  
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1.7.6 Known roles of CXCR2 in cancer 

Several in vivo cancer models have shown that CXCR2 and ELR+ chemokines are 

differentially expressed and regulated during the stages of cancer (Acosta and Gill, 2008; 

Acosta et al., 2009; Jamieson et al., 2012; Lee et al., 2014). Cxcr2 was found to be highly 

expressed by endothelial cells, myeloid-derived cells, and the tumour cells themselves in 

the tumour microenvironment (Cheng et al., 2019). The high expression correlates with 

CXCR2 abilities to modulate tumour-leukocyte interactions and suppression of anti-tumour 

immunity (Lee et al., 2014; Cheng et al., 2019).  

High CXCR2 expression indicates poor prognosis in lung adenocarcinoma (Saintigny et 

al., 2013). CXCR2-CXCL1-axis has been implicated in the migration and angiogenic 

effects of melanoma cells (Singh et al., 2009). Depletion of Cxcl1/ Cxcr2 suppresses 

inflammation-driven tumorigenesis in the skin, intestine, and spontaneous 

adenocarcinoma formation in mice (Jamieson et al., 2012).  

CXCR2 was shown to promote metastasis in colon cancer (Yamamoto et al., 2008). The 

crosstalk between Cxcr2-dependent neutrophils with other chemokines establishes 

mechanisms for the metastatic process in the pancreatic cancer mouse model (Steele et 

al., 2016).  

CXCR2 effect on tumour progression is tissue-dependent. Expression of CXCR2 in 

prostate cancer is upregulated in early pre-malignant cells but downregulated during 

tumour progression (Acosta et al., 2008; Murphy et al., 2005). At the pre-malignant stage, 

high expression of Cxcr2 and its ligands reinforced senescence by oncogenic K-ras 

(Acosta et al., 2008). Anti-tumorigenic properties of CXCR2 was also evidenced in the 

pancreas, in which low CXCR2 expression was associated with advanced neoplastic 

lesions (Lesina et al., 2016). 

CXCR2 was reported to be pro-tumorigenic in bladder cancer (Zhang et al., 2017; Gao et 

al., 2015). High expression of CXCR2 and its ligands, CXCL2 and CXCL5 promotes the 

recruitment of MDSCs and tumour migration, invasion and invasion through PI3K/AKT 

signalling in bladder cancer patients.  

1.8 Murine models of bladder tumorigenesis 

1.8.1 Carcinogen-induced models 

Spontaneous formation of bladder tumour is rare in murine models unless induced with 

carcinogen or with oncogenic genetic modification (Vasconcelos-Nóbrega et al., 2012). 

Three main chemical carcinogens used to induce bladder cancer in mice are N-[4-(5-nitro-

2-furyl)-2-thiazolyl] formamide (FANFT), N-butyl-N-(4- hydroxybutyl) nitrosamine (OH-

BBN) and N-Methyl-N-nitrosourea (MNU) (Ahmad et al., 2012). These carcinogens were 
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administered orally either via drinking water or via gavage (Ahmad et al., 2012; 

Vasconcelos-Nóbrega et al., 2012). 

OH-BBN comes into contact with the bladder through urine (Vasconcelos-Nóbrega et al., 

2012). OH-BBN induces tumours that originate in the urothelium, as a form of urothelial 

dysplasia, papillary or nodular dysplasia, and subsequently leads to invasive carcinoma 

(Saito et al., 2018; Fantini et al., 2018).   

Molecular alterations of bladder tumours induced by OH-BBN was shown to have 

similarities with high-grade, basal-like MIBC in humans (Fantini et al., 2018). However, 

driver mutations in human basal-like and luminal-like tumours, including FGFR3, were not 

induced by OH-BBN (Fantini et al., 2018; Saito et al., 2018). 

1.8.2 Genetically modified mouse models 

1.8.2.1 Cre-loxP  

Cre–loxP technology has been successfully used in tissue- and cell-specific gene 

targeting in mouse models with conditional deleting, inserting, replacing, activating 

alteration of the levels of expression of a gene of interest (Smith, 2011; Akagi et al., 1997; 

Le & Sauer, 2001; Ahmad et al., 2012).  

The standard gene modifications by Cre-loxP in the mouse requires two genetically 

engineered mouse lines, one with a Cre recombinase under the control of promotor that 

allows tissue-or cell-specific expression, and the other with a gene of interest flanked with 

loxP sites (Le & Sauer, 2001; Sauer & Henderson, 1988). These mouse strains are 

crossed to generate offspring with the context-specific gene modifications. 

1.8.2.1.1 Bladder-specific promotor of expression  

The Cre driver based on the expression of uroplakin 2 (UroII), a protein expressed in the 

urothelium, has been extensively used to create conditional modulation of targeting gene 

in a bladder cancer mouse model (Kobayashi et al., 2015; Zhang et al., 1999). UroII 

promoter is urothelium specific and conditional expression of p53 driven by this promoter 

has successfully led to CIS and bladder tumour formation (De La Peña et al., 2011; Zhang 

et al., 1999). 

1.8.2.1.2 Myeloid cell specific promotor of expression   

Lysozyme (LysM) is an enzyme encoded by Lyz2 gene and expressed in myeloblast, 

macrophages and neutrophils (Orthgiess et al., 2016; Cross et al., 1988). The efficiency of 

LysM-Cre recombinase-mediated deletion of loxP-flanked target genes were nearly 100% 

in granulocytes, 83-98% in mature macrophages, and 16% in CD11c+ splenic dendritic 

cells, but not in T and B cells (Clausen et al., 1999). LysM-Cre mice have been widely 



 

 

42 
used to target genes in myeloid cells specifically (Takahashi et al., 2010; Ye et al., 2003; 

Steele et al., 2015; Eash et al., 2010).   
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1.9 Research questions 

The research questions addressed in this study were: 

1) Does FGFR3 mutation influence inflammation during bladder tumorigenesis? 

2) What is the role of inflammation during bladder tumorigenesis?  

3) Does Cxcr2 play a role in the recruitment of immune cells to the urothelium, and in the 

bladder tumours?  

4) What are the factors that regulate neutrophils, and what is the mechanism of tumour 

progression initiated and promoted by the myeloid cells?  

5) Can we modulate neutrophil population in a murine model of bladder cancer, and will it 

lead to the regression of the tumour? 

1.10 Aim and objectives of the study 

The overall aim of this study was to investigate the roles of neutrophils in carcinogen-

dependent bladder tumorigenesis.  

The objectives were;  

1) To characterise the effects of FGFR3 S249C & K644E mutations in carcinogen-induced 

bladder mouse models.  

2) To characterise the effects of inflammation in bladder pathogenesis using a 

carcinogen-induced mouse model of Cxr2 deletion 

3) To characterise the status of immune cell infiltrations at the stages of acute 

inflammation, tumour initiation and progression in the mouse model of Cxcr2 deletion. 

4) To characterise the expression of genes that may have promoted bladder tumour 

progression and controlled the levels of neutrophil and immune cell infiltrations, in the 

presence and absence of Cxcr2. 

5) To examine the effects of neutrophil depletion in the suppression of carcinogen-

induced inflammation in the bladder, and in inflammation and tumour size in tumour-

bearing mice. 
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2.1 Animal work 

2.1.1 Mice  

Wild type animals (wt) were purchased from Charles River Laboratories.  

Mice that expressed human FGFR3 IIIb isoform with an S249C mutation (FGFR3S249C) 

were generated in collaboration amongst T. Iwata, M. Knowles and D. Tomlison 

(unpublished). Fgfr3K644E mice express heterozygous Fgfr3 K664E (UroIICre FGFR3+/K644E) 

(Iwata et al., 2000).  

Mice with deleted Cxcr2 in their myeloid lineage cells LysMCre Cxcr2fl/fl (Cxcr2 flox) were 

obtained from Dr Jennifer Morton (University of Glasgow, UK). The Cxcr2 flox mice were 

generated using a Cre/loxP recombination system with lysozyme M promoter (LysM) 

(Clausen et al., 1999). Mice with deleted Cxcr2 expression in the tissue Cxcr2-/- (Cxcr2 ko) 

were obtained from Thomas Jamieson (Beatson Institute for Cancer Research (BICR), 

UK). The generation of the Cxcr2 ko was as previously described in Steele et al., 2015.  

All mice were of C57Bl/6J background apart from Cxcr2 ko which were from Balb/c 

backcrossed with C57Bl/6J.  

Mice were maintained at the BICR animal facility. All experiments were carried out in 

accordance with the Home Office Animal (Scientific Procedures) Act 1986 in the UK with 

Personal Licence No. I61A1FD21 under Project Licence No. 60/4271 and 70/9028.  

2.1.2 OH-BBN treatment 

Age-matched mice between 8-10 weeks old were used in this study. Mice were 

administered N-butyl- N-(4-hydroxybutyl)-nitrosamine (OH-BBN) (TCI, UK) at 0.05% v/v in 

drinking water for ten weeks which was freshly prepared three times a week. Mice were 

then subjected to another 10 weeks with normal drinking water.  

Mice were monitored closely, and any clinical signs were recorded. Mice were sacrificed 

by Schedule 1 methods as per Home Office Guidelines at 2, 12, 16 and 20 weeks from 

the start of OH-BBN treatment. The gross observation was made to the bladders at 

dissection. 

For FGFR3S249C and Fgfr3K644E mice, the OH-BBN treatment, monitoring and culling was 

performed by Dr Mona Foth (former PhD student in Dr Tomoko Iwata’s lab).  
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2.1.3 1A8 treatment 

2.1.3.1 1A8-neutrophil depletion during the first ten weeks 

Neutrophil depletion was performed using 1A8 monoclonal antibody (anti-Ly6G, Bioxcell, 

US) with 2A3 (Rat IgG2a, Bioxcell, US) used as an isotype control.  

Wt mice were injected interperitoneally (i.p) with 500 mg of either 1A8 monoclonal 

antibody (anti-Ly6G, Bioxcell, US) or 2A3 isotype control (Rat IgG2a, Bioxcell, US). The 

dosage was given three times per week for ten weeks, with concurrent OH-BBN 

administration in drinking water. The mice then were subjected to another 10 weeks with 

normal drinking water before culled. 

2.1.3.2 1A8-neutrophil depletion in the tumours 

Mice bearing tumour as detected using ultrasound imaging (described further in the next 

section, 2.1.5) were injected (i.p) with 500 μg of either 1A8 monoclonal antibody (anti-

mLy-6G, Bioxcell, US) or 2A3 isotype control (Rat IgG2a, Bioxcell, US). The dosage was 

given three times per week for two weeks. Tumour size was monitored weekly during the 

treatment using the Vevo3100.   

2.1.5 Ultrasound imaging 

Recovery anaesthesia was used for ultrasound imaging purposes. Mice were 

anaesthetised using isoflurane through a Key Fill Vaporiser 5% connected to medical air 

and an active scavenging unit. The medical airflow level was set at level 0.8 and 

Isoflurane was supplied at level 4 to put the mouse asleep and maintained at level 2 

during the procedure. 

The in vivo imaging to detect and monitor bladder tumour growth was performed using 

Vevo 3100 ultrasound system with 25-55MHz transducer (Fujifilm VisualSonics Inc, 

Canada). Mice were examined for the presence of tumour from the 18th week from the 

start of OH-BBN treatment. The mice were imaged once a week, for 4-5 weeks or until the 

endpoint of the treatment. Where repeat imaging was necessary, mice body weight and 

the intake of appropriate fluid and food was monitored.  

The bladder volume was analysed using Vevo LAB software (Fujifilm VisualSonics Inc, 

Canada). 

2.1.6 Blood analysis 

Blood sampling was performed either by tail vein sampling or cardiac puncture technique. 

Blood transferred to EDTA-containing tubes, and the white blood cell populations (WBC) 

were analysed using ProCyte Dx Hematology Analyzer (IDEXX).  
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2.2 Histology 

2.1.1 Tissue harvest, bladder weight and fixation 

The bladders were dissected free from any connective tissue and gently emptied of urine. 

The weight of each bladder was recorded in mg unit. Dissected bladders were placed in 

10% neutral-buffered formalin for overnight fixation before processing. 

The bladder tissue harvest of FGFR3S249C and Fgfr3K644E mice was performed by Dr Mona 

Foth.  

2.1.2 H&E 

Haematoxylin and eosin (H&E) staining was carried out on 4 μm formalin-fixed paraffin-

embedded (FFPE) bladder tissue sections by the Beatson Histology Services.  

Histopathological analyses of the bladder were performed by first setting the criteria by 

viewing all samples, then in cohort by cohort using the set criteria. The data presented in 

this study were from two independent scorers.  

2.1.3 Immunohistochemistry (IHC) 

IHC was performed on 4 μm FFPE bladder tissue sections using the ImmPRESS 

Detection Kit (Vector Laboratories, US). All primary antibodies (Table 2.1) were freshly 

prepared using antibody diluent (OP Quanto; Thermo Scientific, US) before incubation. 

Slides were deparaffined by immersion in xylene for 3x5 minutes and then rehydrated in a 

grade of alcohol series; 100%, 70% and 50% for 2 minutes each. Slides were then rinsed 

under running tap water for 2 minutes.  

Heat-induced epitope retrieval (antigen retrieval) was performed either by; 1) PT module 

(Thermo Scientific, US) with the boiling set for 30 min or 2) microwave with the boiling set 

for 1 min at full power and additional 10 min at 20% power. For antibodies needing pH <7 

the antigen retrieval was performed in heat-induced epitope retrieval (HIER) Buffer L 

(Thermo Scientific, US), and for pH >7 in HIER Buffer H (Thermo Scientific, US). The 

sections were allowed to cool down for 5 minutes at room temperature before washing in 

1X TBST for 5 minutes and under running tap water for 2 minutes.  

Sections were incubated with 0.3% H2O2 (VWR Chemicals, US) in distilled water (v/v) for 

15 minutes to reduce endogenous peroxidase activities, and then washed under running 

tap water for 2 minutes. Sections were next incubated with either 2.5% normal goat serum 

or 2.5% normal horse (Vector Laboratories, US), depending on the nature of the 

secondary and primary antibodies (Table 2.2), for 15-30 minutes.  
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The sections were incubated with the primary antibody at the appropriate concentration 

for either one hour at room temperature or overnight at 4°c (Table 2.1). The sections were 

washed with 1X TBST for 3X5 minutes followed with secondary antibody incubation for 30 

minutes. The sections were next washed again with 1X TBST, 3X5 minutes.  

Immunoreactivity was detected by incubating the slides with 3,3’-diaminobenzidine (DAB) 

substrate (Vector Laboratories, US) until colour development. The reaction was 

terminated by immersing the sections in 1x TBST followed with running tap water for 2 

minutes and then counterstained with haematoxylin for 3 minutes and washed again 

under running tap water for 2 minutes. The sections were then subsequently, dehydrated 

in 50%, 70%, 100% ethanol series 2 minutes each, with final incubation in xylene 3x1 

minute and then mounted with Pertex mounting medium (Histolab Products AB, Sweden).  

Stained slides were scanned using Hamamatsu Nanozoomer slide scanner and analysed 

using a SlidePath Digital Image Hub (Leica Biosystems, Germany). Cells with brown 

reactive product in either cytoplasm or membrane were considered as positive for the 

marker.  

2.1.4 Analysis of immune cell infiltrations in the tissue 

The presence of immune cells in the stroma, muscle, tumour and CIS area was counted in 

randomly chosen 10 fields of the tissue area, with 100 x 100 µm dimension per field on the 

SlidePath Digital Image Hub. The presence of immune cells in the urothelium area was 

counted in the whole surface area.  

Quantification of neutrophils was carried out based on the morphology following H&E 

staining, as well as by IHC staining with markers of neutrophils; Ly6G (1A8), NIMP, MPO 

and S100A9 (Table 2.1).  

For macrophage quantification, we have used anti-F4/80, and for T cells, CD3, CD4, CD4 

and CD8α antibodies were used (Table 2.1).  
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Table 2.1. Primary antibodies used for immunohistochemistry 

  

Antibody Source Cat # Species Antigen retrieval AR buffer Dilutio
n  

Primary antibody 
incubation 

CD3 Vector Laboratories VP-RM01 rabbit mono Microwave HIER H (pH 8) 1:100 1 hour 
CD4  eBioscience 

 

14-9766 

 

rat mono 

 

Microwave HIER H (pH 8) 1:200 1 hour 

CD8 α eBioscience 14-0808 rat mono Microwave HIER H (pH 8) 1:200 1 hour 
CK14 BioLegend 905301 rabbit poly Microwave HIER L (pH 6) 1:2000 1 hour 
CK5 AbCam ab24647 rabbit poly Microwave HIER L (pH 6)? 1:2000  1 hour 
CXCR2 R&D Systems MAB2164 rat mono Microwave HIER L (pH 6) 1:200 Overnight at 4°c 
F4/80 Abcam ab6640 rat mono Microwave HIER L (pH 6) 1:400 1 hour 
FoxP3 Abcam ab54501 rabbit poly Microwave HIER H (pH 8) 1:500 1 hour 
FoxP3 eBioscience 14-5773-82 Rat mono Microwave HIER H (pH 8) 1:200 1 hour 
gH2aX Universal Biologicals / 

Bethyl Lab    
A300-081A rabbit poly PT Module HIER L (pH 6) 1:5000 1 hour 

Granzyme B AbCam ab4059 rabbit poly Microwave HIER H (pH 8) 1:800 1 hour 
Ki67 Novacastra NCL-Ki67p rabbit poly PT Module HIER L (pH 6) 1:2000 1 hour 
Ly6G (1A8) Bioxcell BE0075-1 rat mono Microwave HIER H (pH 8) 1:6000 1 hour 
MPO (a-) Dako A0398 rabbit poly Microwave  HIER H (pH 8) 1:1000 1 hour 

NIMP AbCam ab2557 rat mono 10 mg/ml Proteinase 
K for 10 min at 37° c 

TBS-Tween   1:50 1 hour 

p21 Santa Cruz 
Biotechnology 

sc-471 rabbit poly 

 

Microwave  HIER L (pH 6) 1:200             1 hour 

p53  Cell Signalling 2524S Mouse mono Microwave  HIER H (pH 8) 1:100 1 hour 
S100A9 Abcam ab105472 rat mono Microwave  HIER L (pH 6) 1:100 1 hour 



 

 

50 

Table 2.2. Secondary antibodies for immunohistochemistry 

Antibody Source Cat # Blocking reagent Secondary 
antibody 
incubation 

Anti-Mouse IgG Vector 
Laboratories 

MP-7452 Normal Goat Serum 30 min 

Anti-Rabbit IgG Vector 
Laboratories 

MP-7401 Normal Horse Serum 30 min 

Normal Goat Serum Vector 
Laboratories 

MP-7404 Normal Goat Serum 30 min 

Anti-Rat IgG, Mouse 
adsorbed 

Vector 
Laboratories 

MP-7444 Normal Goat Serum 30 min 
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2.3 RNAscope 
Chromogenic in situ RNA analysis was performed using RNAscope 2.0 Detection Kit 

(Brown) (Advanced Cell Diagnostics, US) on 4 mm FFPE bladder tissue sections. The 

experiment for the RNAscope was performed with the technical support from Ke Shi 

(former MSc student in Dr Tomoko Iwata’s lab).  

In order to ensure the quality of the FFPE tissue used, one positive control and one 

negative control were included and performed in parallel with the sample for the probe of 

the gene tested. The endogenous RNA polymerase II polypeptide (Polr2a) was used as a 

positive control probe to assess both tissue RNA integrity and assay procedure (Table 

2.3). Negative control probe that targets the bacterial DapB gene was used to assess the 

background signals. Label probe used was conjugated to HRP for the chromogenic 

detection with DAB. 

Table 2.3. List of probes for RNAscope 

Probe Gene Catalogue 
number 

Accession No 

Positive control probe Polr2a  312471 

 

NM_009089.2 

Negative Control probe DapB 

 

310043 EF191515 

Target probe Tgfb1  407751 NM_011577.1 

 

Tissue sections were first deparaffined in xylene 2x5 minutes followed with dehydration in 

100% ethanol for 2x5 minutes. The sections were incubated with hydrogen peroxide for 

10 minutes to reduce endogenous peroxidase activities, followed by rinsing in distilled 

water twice. Antigen retrieval was performed by incubating the tissue sections in 

RNAscope 1X Target Retrieval Reagents (Advanced Cell Diagnostics, US), maintained at 

boiling temperature (100°C) using a hot plate for 15 minutes. The slides were then rinsed 

in distilled water three times, rinsed in 100% ethanol three times and then treated with 

RNAscope Protease Plus at 40°C for 30 minutes in a HybEZ hybridisation oven 

(Advanced Cell Diagnostics, US). The sections were rinsed with distilled water three 

times. 

Next, the sections were hybridised with warmed target probes in the HybEZ hybridisation 

oven for 2 hours and then immersed in RNAscope Wash Buffer for two times, 2 min each 

time. The sections were then incubated subsequently with preamplifier and amplifiers; 

AMP1, AMP2, AMP3, AMP4, AMP5 and AMP6 for 15-30 minutes, each. After each 
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hybridisation step, slides were washed with wash buffer three times. Chromogenic 

detection was performed by incubating the sections with a mixture of DAB-A and DAB-B 

(1:1) solutions for 10 minutes at room temperature, followed with washing steps in distilled 

water.  

Counter-staining was performed in 50% haematoxylin for 2 minutes followed with washing 

with distilled water three times and then briefly dipped in 0.02% Ammonia water. The 

slides were then dehydrated in series of ethanol; 70% for 2 minutes and 95% for 2x2 

minutes before incubated in xylene for 5 minutes and lastly mounted with Pertex mounting 

medium (Histolab Products AB, Sweden).  

Quantification of the positive cells was done using the criteria; None/minimum, low, 

medium and high based on the number of the positive spot signals. 

2.4 Analysis of RNA expression 
The experiments for RNA array and Taqman qRT-PCR were performed with the technical 

supports from previous MSc and MRes students in Dr Tomoko Iwata’s lab; Reda 

Stankunaite, Yaiza Cáceres Martell and Iria Fernández Botana.  

2.4.1 RNA extraction 
Bladder tissue samples were collected in RNAlater (Qiagen, Germany) and stored at -

20°c until whole tissue extraction use.  

The total RNA extraction from the bladder tissue was performed using the RNeasy Mini 

Kit (Qiagen, Germany). Tissue was first removed from RNAlater solution and transferred 

into 600 ul of RLT buffer for homogenisation. The tissue was homogenised by constant 

pipetting up and down and vortexed at high speed for 1 minute. The resultant lysate was 

then centrifuged at full speed for 3 minutes. The supernatant was removed and then 

transferred into a new centrifuge tube before mixed with 600 μl of 70% ethanol. The 

sample was then transferred into RNeasy spin column, 600 μl at a time, and centrifuged 

for 30 seconds at 10, 000 rpm. The flow-through was discarded, and 700 ul of RW1 buffer 

was added. The sample was centrifuged for 30 seconds at 10, 000 rpm and the flow-

through was discarded. 500 μl of RPE buffer was added to the RNeasy spin column and 

centrifuged for 30 seconds at 10, 000 rpm. The flow-through was discarded, and 500 μl of 

RPE buffer was added prior to centrifugation for 2 minutes at 10, 000 rpm. The RNeasy 

spin column was transferred into a new collection tube and centrifuged for 1 minute at full 

speed to remove residual carried-over ethanol. The spin column was then once again 

placed into a new 1.5 ml collection tube, and 30μl RNase free water was added into the 

spin column. The sample was centrifuged for 1 minute at 10, 000 rpm. The eluted sample 
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from the previous step was pipetted back into the same spin column further centrifuged 

for 1 min at 10, 000 rpm.  

The isolated RNA was quantified using NanoDrop Microvolume Spectrophotometer 

(ThermoFisher, US). The purity of the RNA was evaluated based on the ratio of 

absorbance at 260 and 280 nm. The samples with 260/280 ratio between 1.8 and 2.2 was 

considered pure RNA and use for further analysis. 

In order to assess the integrity of the RNA, 500 ng of the sample was loaded on 1% 

Agarose gel in TAE buffer and run for 20 minutes at 50 V. RNA samples with two sharp 

bands, corresponding to 28S and 18S ribosomal RNA, and with the intensity ratio of the 

28S:18S = 2:1, were considered intact and used for the further analysis. The remaining 

RNA sample was stored at -20°c / -80°c before used for reverse transcribed to 

complement DNA (cDNA). 

2.4.2 cDNA synthesis 
Genomic DNA elimination and reverse transcription of the RNA sample were performed 

using the RT2 First Strand Kit (Qiagen, Germany).  

Genomic DNA elimination was performed by incubating 0.5 µg RNA with Buffer GE to a 

final volume of 10 µl for 5 minutes at 42°c. The genomic DNA elimination mix was then 

incubated with a reverse-transcription mix containing Buffer BC3, Control P2, RE3 

Reverse Transcriptase Mix and RNAse free water to a final volume of 10 µl/reaction and 

at 42°c for 15 minutes. The reaction was stopped by incubating at 95°c for 5 minutes 

before mixed with 91 μl of RNAse-free water. The resultant cDNA was then stored at -

20°c or used immediately for RNA array or Taqman qRT-PCR.  

2.4.3 RNA array  
RNA array targeting 84 genes linked to cancer and inflammation was performed using 

RT2 Profiler Mouse Cancer Inflammation & Immunity Crosstalk PCR Array (Qiagen, 

Germany).  

The PCR components mix was prepared by mixing 1350 µl of 2X RT2 SYBR Green 

Mastermix, 102 µl of cDNA synthesis reaction and 1248 µl of RNase-free water to the final 

volume of 2700 µl. Then, 25 µl of the PCR components mix was added and mixed to each 

well of the RT2 Profiler PCR array.  

The array was placed and ran using the StepOnePlus Real-Time PCR System 

(ThermoFisher, US). Thermal cycle conditions were set at 95°C for 10 minutes, followed 
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by 40 cycles of 95°C for 15 seconds, and 60°C for 1 minute. Fold changes between 

samples was determined using the 2^-ΔΔCt method.  

The genes were stratified based on biological properties according to the RNA array 

(Table 2.4).  
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Table 2.4 List of genes for RNA array 

Cytokine category Gene 
Immune & Inflammatory 
Responses 

Immunostimulatory Factors 

 

Ifng 
Il2 
Il12a 
Il12b 
Il15 
Tnf 

Immunosuppressive Factors  

 

Cd274 (Pdl1) 
Csf2 (GMCSF) 
Ctla4 
Cxcl12 (Sdf1) 
Cxcl5 (ENA-78, LIX) 
Ido1 (Ido) 
Il10 
Il13 
Il4 
Il5 
Mif 
Nos2 (iNOS) 
Pdcd1 (PD-1), 
Ptgs2 (COX2) 
Tgfb1 
Vegfa 

Pro-inflammatory Genes Ccl2 (MCP-1) 
Ccl20 (MIP-3A) 
Ifng 
Il1a 
Il1b 
Il2 
Il6 
Il12a 
Il12b 
Il17a 
Il22 
Il23a 
Ptgs2 (COX2) 
Tlr4 
Tnf 
Vegfa 
Il4 
Il10 

Anti-inflammatory Genes:  Il13 
Tgfb1 

Enzymatic Modulators of 
Inflammation & Immunity 

Aicda (Aid) 
Gzma 
Gzmb 
Ido1 (Ido) 
Nos2 (iNOS) 
Ptgs2 (COX2) 
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Antigen Presentation  H2-D1 

H2-K1 
Chemokines   Ccl2 (MCP-1) 

Ccl4 (MIP-1B) 
Ccl5 (RANTES) 
Ccl20 (MIP-3A) 
Ccl22 (MDC) 
Ccl28 
Cxcl1 (Gro1) 
Cxcl2 (Gro2) 
Cxcl5 (ENA-78, LIX) 
Cxcl9 (Mig) 
Cxcl10 (INP10) 
Cxcl11 (Itac, Ip9) 
Cxcl12 (Sdf1) 

Interleukins  Il1a 
Il1b 
Il2 
Il4 
Il5 
Il6  
Il10 
Il12a 
Il12b  
Il13 
Il15  
Il17a  
Il22 
Il23a 

Chemokine & Interleukin 
Receptors 

 Ackr3 (Cxcr7) 
Ccr1 
Ccr2  
Ccr4  
Ccr5  
Ccr7  
Ccr9  
Ccr10 
Cxcr1 (Il8rα) 

) 

Cxcr2 (Il8rβ) 

)  

Cxcr3 
Cxcr4  
Cxcr5 
Il1r1 

Other Cytokines  Kitl (SCF) 
Mif, Spp1 
Tnf 
Tnfsf10 (Trail) 

Growth Factors & 
Receptors 

 Csf1 (Mcsf) 
Csf2 (GMCSF)  
Csf3 (Gcsf) 
Egf 
Egfr 
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Igf1 
Tgfβ1 

1 

Vegfa 
Signal Transduction Interferon Signalling 

  

Gbp2b (Gbp1) 
Ifng 
Il6 
Irf1 

Interferon-Responsive Genes Ccl2 (MCP-1) 
Ccl5 (RANTES)  
Cxcl9 (Mig) 
Cxcl10 (INP10) 
Gbp2b (Gbp1) 
Irf1 
Myd88  
Stat1  
Tlr3 
Tnfsf10 (Trail) 

NFκB Targets Bcl2l1 (Bcl-XL) 
Ccl2 (MCP-1) 
Ccl5 (RANTES) 
Csf1 (Mcsf) 
Csf2 (GMCSF)  
Csf3 (Gcsf) 
Ifng 
Tnf 

STAT Targets Ccl2 (MCP-1)  
Ccl4 (MIP-1B) 
Ccl5 (RANTES)  
Csf1 (Mcsf) 
Csf2 (GMCSF)  
Csf3 (Gcsf)  
Cxcl9 (Mig) 
Cxcl10 (INP10) 
Cxcl11 (Itac, Ip9)  
Cxcl12 (Sdf1) 
Il1b  
Il6 
Il10 
Il17a  
Il23a  
Myc 

Toll-Like Receptor Signalling Myd88  
Tlr2 
Tlr3  
Tlr4  
Tlr7  
Tlr9 

Transcription Factors Foxp3  
Hif1a  
Irf1 
Myc,  
Nfkb1 
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Stat1 
Stat3 
Trp53 (p53) 

Apoptosis Pro-Apoptotic Fasl (Tnfsf6) 
Tnf 
Tnfsf10 (Trail) 
Trp53 (p53) 

Anti-Apoptotic Bcl2 
Bcl2l1 (Bcl-XL) 
Myc 
Stat3 
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2.4.4 Taqman qRT-PCR 
The TaqMan-based qRT-PCR was performed using TaqMan Fast Advanced Master Mix 

kit (Thermo Fisher Scientific, US) and TaqMan Gene Expression assay (Table 2.5) 

(Applied Biosystems, US).  

Table 2.5. List of TaqMan Gene Expression assay 

Gene Assay ID 
Gapdh Mm99999915_g1 

Chemokine receptor 2 (CCR2) Mm00 438270_m1 

Nos2 Mm00440502_m1 

Ido1 Mm00492590_m1 

Egf: Mm00438696_m1 

Spp1 Mm00436767_m1 

 

The PCR reaction mix was prepared by mixing 10 µl of TaqMan Fast Advanced Master 

Mix with 1 µl of TaqMan Gene Expression assay of the targeted gene and 7 µl of nuclease 

free water to the final volume of 18 µl/reaction. The PCR mix was pipetted into a 96-well 

plate with 18 µl/well and mixed with 2 µl of cDNA template (2 ng/µl) or 2 µl of nuclease-

free water for the negative control. The samples were then placed in the StepOnePlusTM 

Real-Time PCR System (ThermoFisher, US). The cycling protocol was set at 50°c for 2 

min, 95°c for 2 min, and 40 cycles of 95°c for 1 sec and 60°c for 20 sec.  

The double delta Ct (∆∆Ct) analysis was used to calculate the fold change of the mean 

values in each experimental condition. Triplicates for each sample was used for each 

individual experiment.  

2.5 Statistical analyses 
The statistical analysis was performed using GraphPad Prism software (Version 7, 

GraphPad Software, Inc.). The differences in the mean between the two groups were 

determined using a Mann-Whitney test for the non-parametric distribution of data. P-

values less than 0.05 were considered significant. 
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responses   
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3.1 Aim and objectives 
This chapter aimed to determine the effects of FGFR3 mutations on immune responses 

during bladder tumorigenesis induced by carcinogen treatment. 

The specific objectives were: 

1. To study the effect of FGFR3 S249C and FGFR3 K644E mutations in carcinogen-

induced bladder tumorigenesis. 

2. To characterise the tumour characteristics and immune cell infiltration in the tumour 

microenvironment of FGFR3S249C and Fgfr3K644E. 

3. To characterise the pathogenesis and immune responses at the acute inflammation 

stage and tumour initiation stage in FGFR3S249C and Fgfr3K644E. 

4. To evaluate the association between FGFR3 S249C mutation and the mRNA 

expression of immune cell signatures using publicly available TCGA data. 

  



 

 

62 
3.2 Results 

3.2.1 Carcinogen-dependent bladder tumorigenesis was increased in the 
presence of FGFR3 S249C mutation 
In order to determine the effects of FGFR3 mutation in different stages of bladder 

tumorigenesis, mice were subjected to 0.05% OH-BBN treatment for 10 weeks followed 

by another 10 weeks with normal drinking water (Figure 3.1 A).  

Gross observation of the bladder at 2 weeks, 12 weeks and 20 weeks from the start of 

OH-BBN treatment showed that a presence of tumour in bladder was only observed at 20 

weeks samples (Table 3.1). Male wt bladders had a slightly higher occurrence of the 

tumour than female samples (20% and 14.8%, respectively). In FGFR3S249C, the 

occurrence of the bladder tumour was comparable between males and females (Table 

3.1). Two out of six male samples of Fgfr3K644E had bladder tumour, while none was 

observed in females. 

Next, microscopic observation of H&E staining was used to evaluate the histopathology of 

the bladder and the tumours. 

FGFR3S249C mice showed a significant increase of tumour occurrence compared to wt (p = 

0.0454) (Figure 3.1I). The increase in the tumour occurrence was statistically significant in 

female FGFR3S249C mice (p = 0.0164), but comparable in male FGFR3S249C and male wt 

mice (Fgure 3.1 J, K). Meanwhile, the presence of tumour was comparable in Fgfr3K644E 

and wt. The presence of hyperplasia, atypia, dysplasia, carcinoma in situ (CIS) was 

comparable between wt, FGFR3S249C and Fgfr3K644E. Only small percentage of FGFR3249C 

(3.45%, n= 1/22) showed minimal changes in the urothelial compared to Fgfr3K644E 

(27.27%, n= 3/11) and wt (10.64%, n= 5/2=47).  
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 Table 3.1. Summary of the mouse cohorts and gross observation 

  Cohorts 

 

Timepoints 
(weeks) 

Cohort size (n) Gross observation at time 
point (Tumour) (n) 

Total Male Female Total Male  Female 
Wildtype 2 17 8 9 17 None None 

12 10 3 7 10 None None 
20 47 20 27 47 4/20  

(20%) 
4/27  
(14.8%) 

FGFR3S249C 2 15 10 5 15 None None 
12 10 3 7 10 None None 
20 29 12 17 29 5/12 

(41.7%) 
7/17 
(41.2%) 

Fgfr3K644E 

 

2 11 4 7 11 None None 
12 8 3 5 8 None None 
20 11 6 5 11 2/6 

(33.3%) 
None 
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Figure 3.1. Histopathological analysis at 20 weeks from the start of OH-BBN 
treatment. Schematic presentation of OH-BBN treatment for induction of bladder 
tumorigenesis (A). Representative images of minimal changes (B), hyperplasia (C), atypia 
(D), dysplasia) ED), CIS (F) (black arrowhead), and tumour (G). H is the magnified tumour 
area in G (black box). Scale bar represents 50 µm (B-F, H) and 1 µm (G). Percentage of 
each pathogenesis criterion was quantified in the combined male and female samples (H), 
male mice only (I) and female mice only (J). The number of samples used is indicated 
below each column. Statistical significance was determined by Mann-Whitney with 
*p<0.05 and **p<0.01 indicated as significant. 
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3.2.2 Tumour phenotype was more severe in FGFR3 S249C bladders 
Further histopathological analysis was performed to evaluate (1) invasiveness of urothelial 

cells and tumours, (2) lobular appearance of the urothelium-stroma boundary and (3) 

squamous transformation and keratinisation of the urothelium and tumour cells (Figure 

3.2A-F).  

An increase in the invasiveness of urothelial and tumour cells was observed in 

FGFR3S249C mice compared to wt (p = 0.023) (Figure 3.2G). FGFR3S249C mice also 

showed a more frequent formation of the lobulation in comparison to wt (Figure 3.2 J). 

The squamous transformation and keratinisation were also more prevalent in FGFR3S249C 

compared to wt (Figure 3.2M). Fgfr3K644E showed a similar level of invasiveness, lobulation 

and squamous transformation to wt.  

The differences in the urothelial and tumour features were also observed in females when 

FGFR3S249C were compared to wt (Figure 3.2I, L, O). However, the difference was not 

present in males (Figure 3.2H, K and N). Fgfr3K644E showed a similar pattern in the 

severity of invasiveness, lobulation and squamous transformation to wt, regardless of 

gender (Figure 3G-O).  
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Figure 3.2. Tumour characteristic of samples taken at 20 weeks from the start of 
OH-BBN treatment. Representative image of stroma invasion (A), muscle invasion (B), 
lobulation (C) (black arrowhead), and severe muscle invasion (D). E and F are magnified 
area of squamous transformation (E) (black box) and keratinisation (yellow box) in the 
tumour area (D). Invasiveness of the urothelial and tumour cells (G-I), the lobulated 
appearance of urothelial cells (J-L), and squamous transformation of urothelial and 
tumour cells (M-O) were quantified. Scale bar represents 60 μm (C, E, F) and 1 μm (A, B, 
D).  
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3.2.3 Effects of FGFR3 mutations at 2 weeks 
To further address the effects of FGFR3 mutation in the initiation of bladder 

tumorigenesis, we have examined the pathogenesis of the bladder at 2 weeks of OH-BBN 

treatment.  

The occurrence of hyperplasia was comparable among wt, FGFR3S249C and Fgfr3K644E 

(Figure 3.3A-C).  

The presence of atypia and dysplasia was found to be decreased in Fgfr3K644E compared 

to wt (p = 0.0107, Mann-Whitney) (Figure 3.3D). 

No significant difference in the presence of atypia and dysplasia was observed in males 

(Figure 3.3B and E). In females, the prevalence of atypia and dysplasia was decreased in 

FGFR3S249C (p = 0.0075, Mann-Whitney) and in Fgfr3K644E (p = 0.0119, Mann-Whitney) 

compared to wt (Figure 3.3F).  

  



 

 

68 

 

Figure 3.3. Histopathological analysis on the urothelial abnormalities in samples 
taken at 2 weeks from the start of OH-BBN treatment. Presence of hyperplasia (A-C), 
atypia and dysplasia (D-F).  
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3.2.4 OH-BBN induced changes in the stroma and angiogenesis at 2 weeks 
The changes in the stroma characteristics were also investigated in 2 weeks samples. 

The stroma with area less than <2 mm2 were considered as thick and >2 mm2 were 

considered as very thick. 

 

The stroma of the bladder showed an extensive thickening upon OH-BBN treatment 

(Figure 3.4B and C), and this was comparable among the three cohorts, wt, FGFR3S249C 

and Fgfr3K644E (Figure 3.4D-F).  

The thickening of the stroma appeared in accordance with an increase in the formation of 

the blood vessel (angiogenesis) in the inner and outer stroma (Figure 3.4G, H). The 

presence of angiogenesis was at a similar frequency in wt, FGFR3S249C and Fgfr3K644E 

(Figure 3.4I-N).  
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Figure 3.4. Histopathological analysis of stroma and angiogenesis presence in 
samples taken at 2 weeks of OH-BBN treatment. Representative images of thin stroma 
from non-OH-BBN treated (untreated) (A), thick and very thick stroma from OH-BBN-
treated mice (B, C) (white arrowheads). G and H represent angiogenesis within inner and 
outer stroma, respectively, as indicated with the presence of blood vessels (black 
arrowheads).Quantification of changes in the stroma thickness (D-F), angiogenesis in the 
inner stroma (I-K) and angiogenesis in the outer stroma (L-N). Scale bar represents 1 μm 
(A-C) and 50 μm (G, H). 
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3.2.5 FGFR3 K644E mutation increased urothelial abnormalities at 12 weeks 
The histopathological changes of the urothelium were also evaluated in samples taken at 

12 weeks from the start of OH-BBN treatment (10 weeks with OH-BBN, followed by 2 

weeks with normal drinking water).  

The occurrence of urothelial abnormalities; hyperplasia/atypia, dysplasia/CIS in 

FGFR3S249C was comparable to wt (Figure 3.5A). However, the presence of dysplasia/CIS 

was found to be elevated in Fgfr3K644E compared to wt (p = 0.0128, Mann-Whitney) (Figure 

3.5A).  

Compared to wt, FGFR3K644E was found to have more prevalent lobulation (p = 0.0296, 

Mann-Whitney) (Figure 3.5G). The lobulation signify the growth of abnormal cell inside the 

urothelium lining towards the stroma.  

The degree of invasiveness and squamous transformation were at a similar level in wt, 

FGFR3S249C and Fgfr3K644E (Figure 3.5D, J). Squamous differentiation in urothelial 

carcinoma reciprocated the malignant squamous epithelium and characterised by the 

presence of either keratin pearl formation, intercellular bridges or both (Gluck et al., 2014; 

Zhai et al., 2007). 

The above differences in urothelial characteristics at 12 weeks were not seen in males 

(Figure 3.5B, E, H, K). However, in female samples, Fgfr3K644E showed an increase in the 

pathogenesis and invasiveness compared to wt (p = 0.0278, Mann-Whitney) (Figure 3.5C 

and F).  
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Figure 3.5. Histopathological analysis of samples taken at 12 weeks from the start 
of OH-BBN treatment. Pathogenesis (A-C), invasiveness (D-F), lobulation (G-I) and 
squamous transformation (J-L). 
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3.2.6 Neutrophil infiltration following carcinogen treatment was suppressed 
in FGFR3S249C  
We next asked whether the effects of FGFR3 mutation was due to changes in the 

inflammatory response. Neutrophil infiltration was quantified by identifying the neutrophils 

based on their granular morphology and pinkish cytoplasm following H&E staining (Figure 

3.6A-C).  

At 2 weeks of OH-BBN treatment, FGFR3S249C bladders showed a decrease in neutrophils 

infiltration in the urothelium (p = 0.0466), stroma (p = 0.0063), and muscle (p = 0.0464) 

compared to wt (Figure 3.6D, G, J). However, Fgfr3K644E and wt showed a comparable 

level of neutrophil infiltration in the urothelium, stroma and bladder. 
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Figure 3.6. Infiltrations of neutrophils at 2 weeks from the start of OH-BBN 
treatment. Representative images of neutrophil infiltration in the urothelium, stroma and 
muscle in 2 weeks samples (A, B, C, respectively) under H&E staining. Presence of 
neutrophils was quantified in the urothelium (D-F), stroma (G-I), muscle (J-L). Scale bar 
represents 50 μm (A-C). 
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3.2.7 Neutrophil infiltration mildly increased in FGFR3-mutated mice at 12 
weeks and 20 weeks 
We have also examined the level of neutrophil infiltration at 12 weeks timepoint when OH-

BBN treatment had been ceased for 2 weeks.  

The neutrophil infiltration in the urothelium and muscle was overall much less compared to 

2 weeks samples. The level of infiltration was comparable between wt, FGFR3S249C and 

Fgfr3K644E (Figure 3.7A-I). However, Fgfr3K644E showed a statistically significant increase of 

neutrophil infiltration in the stroma compared to wt (p = 0.0229, Mann-Whitney) (Figure 

3.7D, F).  

We have also quantified the neutrophil infiltration in the tumour area of samples taken at 

20 weeks from the start of OH-BBN treatment. Fgfr3K644E was excluded from this analysis 

due to the small number of samples. FGFR3S249C showed a mild increase in the number of 

neutrophil infiltrations in the tumour area compared to wt (Figure 3.7J-L).  
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Figure 3.7. Infiltrations of neutrophils at 12 and 20 weeks from the start of OH-BBN 
treatment. Presence of neutrophils was quantified in urothelium (A-C), stroma (D-F), 
muscle (G-I) for 12 weeks samples and in the tumour of 20 weeks samples (J-L).  
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3.2.8 T-cells infiltration was not affected in FGFR3 mutated transgenic mice 
at 2 weeks 
To further address the mechanism of increased bladder tumorigenesis in FGFR3S249C, 

we have examined the T-cells infiltration at 2 weeks from the start of OH-BBN treatment. 

IHC was performed using CD3, a marker that recognizes all T-cells.  

At 2 weeks, the infiltration of CD3+ T cells was observed to be low in the urothelium and 

very high (score 3) in the stroma and muscle, and this was comparable in wt and 

FGFR3S249C (Figure 3.8A-I).  
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Figure 3.8. Infiltration of total T-cells (CD3+) at 2 weeks of OH-BBN treatment. 
Number of infiltrated CD3+ in the urothelium (A-C), stroma (D-F), and muscle (G-I) was 
quantified and presented in percentage (Y-axis).  
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3.2.9 No alteration in tumour-infiltrating T cells in FGFR3-mutated mice 
We next looked at the CD3+ T cell infiltration in tumour samples taken at 20 weeks from 

the start of OH-BBN treatment. 

In general, CD3+ T cell infiltration observed to be higher in the stroma and tumour area 

while urothelium and stroma showed a mild presence of CD3+ T cells in both wt and 

FGFR3S249C (Figure 3.9A-P). The difference in the presence of CD3+ T cells between 

FGFR3S249C and wt was not statistically significant in the urothelium, stroma, CIS and 

tumour area (Figure 3.9E-P).  
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Figure 3.9. Infiltration of T-cells (CD3+) in tumour samples at 20 weeks. CD3+ (total T-
cells) stained as brown (A-D) (black arrowheads). The number of CD3+ cells in the 
urothelium (E-G), stroma (H-J), CIS (K-M) and tumour area (N-P) was quantified and 
presented in percentage (Y-axis). Scale bar represent 100 μm in A-D.  
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3.2.10 Effects of FGFR3 S249C mutation on immune signature gene 
expression in bladder cancer patients  
In order to further explore the association between FGFR3 mutation and immune 

response signature gene expression, we have used data from publicly available genomic 

resources through cBioPortal. The data for FGFR3 mutational status and mRNA 

expression of the gene of interest were downloaded from cBioPortal 

(http://www.cbioportal.org/public-portal/index.do) of Bladder cancer TCGA Cell, 2017. The 

data set contained 404 tumours with complete mutation data. Out of these 404 tumours, 

only 31 have FGFR3 S249C mutation and used for the analysis comparing with the 347 

FGFR3 wt tumours. The remaining n=26 samples from the TCGA data harboured the 

following mutations; FGFR3 E216K (n=1), FGFR3 G370C (n=5), FGFR3 G380R (n=2), 

FGFR3 H349D (n=1), FGFR3 K650E (n=1), FGFR3 L88WFS*10 (n=1), FGFR3 P358L 

(n=1), FGFR3 Q674 (n=1), FGFR3 R248C (n=2), FGFR3 S371C (n=2), FGFR3 V3061 

(n=1), and FGFR3 4373C (n=8).   

We have compared the association of FGFR3 S249C mutation with mRNA expression of 

genes associated with;  

1)  Neutrophil activities and monocytes: NIMP, MPO, S100A9, CD66B (CEACAM8) and 

CD68 – (Figure 3.10). 

2) Neutrophil chemotaxis:  CXCR2, CXCL1, CXCL2, CXCL3, CXCL5, CXCL6 and CXCL8 

- (Figure 3.11). 

4) T-cell populations, T cell cytotoxic activities and immunosuppressive activities: CD4, 

CD8A, GZMA, GZMB, PD-1, PD-L1, CTLA4 – (Figure 3.12). 

The genes were chose based on the neutrophil-associated genes and immune signatures 

reported in the literature (Leach et al., 2017; Coffelt et al., 2016; Sjodahl et al., 2012) and 

discussion with pathologist (Dr Joshua Leach).   
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3.2.10.1 FGFR3 S249C associated with a decrease in neutrophils’ associated 
gene 
We compared the gene expression of neutrophils’ surface receptor and enzymatic 

activities on samples with FGFR3 S249C (n=31) mutated and wt (n=347).  

The expression of granulocyte marker (CD66B/CEACAM8) and NIMP was comparable 

between FGFR3 S249C and wt (Figure 3.10A, B). The gene expression of MPO which is 

the major component of azurophilic granule in neutrophils (Brinkmann et al., 2004), was 

significantly decreased in samples with FGFR3 S249C compared to wt (p = 0.0004) 

(Figure 3.10C). Meanwhile, the expression of S100A9 was unchanged in FGFR3 S249C 

compared to wt (Figure 3.6D).  

We have also evaluated the association of FGFR3 S249C mutation with gene for 

monocytes (CD68). The expression of CD68 was comparable between FGFR3 S249 and 

wt samples (Figure 3.10E).  
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Figure 3.10. FGFR3 S249C mutation effects on neutrophils and monocytes gene 
expression in TCGA, Cell 2017 study. The FGFR3 S249C mutation compared to 
granulocyte gene expression (CD66B/CEACAM 8) (A), neutrophils’ gene expression 
(NIMP, MPO, S100A9) (B-D) and monocytes (CD68) (E). 
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3.2.10.2 FGFR3 S249C associated with a decrease in chemokines gene 
expression 
We next looked at the gene expression of neutrophil chemotactic surface receptor, 

CXCR2 and its ELR+ ligands; CXCL1-3, 5-8.  

A significant decrease in the expression of CXCR2 (p= 0.0336) and three of its ligands, 

CXCL2 (p= 0.0002), CXCL3 (p= 0.0003) and CXCL5 (p= 0.001) was observed in FGFR3 

S249C mutated compared to FGFR3 wt samples (Figure 3.11A, C-E). The expression of 

the other three CXCR2’s ligands; CXCL1, CXCL6 and CXCL8 was comparable between 

FGFR3 S249C mutated and FGFR3 wt samples (Figure 3.11B, F, G).  
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Figure 3.11. FGFR3 S249C mutation effects on CXCR2 and ELR+ chemokines. The 
FGFR3 S249C mutation compared to gene expression of CXCR2 (A) and CXCL1-8 (B-G).  
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3.2.10.3 FGFR3 S249C mutation associated with decreased in T cell 
population and activation genes  
We then further analysed the expression of the gene for T-helper cells (CD4) and 

cytotoxic T-cells (CD8A) as well as the gene encoding cytotoxic activities for the CD8; 

GZMA and GZMB. The expression for CD4 was comparable between the FGFR3 S249C 

and FGFR3 wt cohorts (Figure 3.12A). However, a significant decrease was observed in 

the gene expression of CD8A (p= 0.0082) as well as GZMA (p= 0.0275) and GZMB (p= 

0.0005) in FGFR3 S249C compared to FGFR3 wt samples (Figure 3.12B-D).  

We next analysed the expression of genes associated with immunosuppression of the T-

cells. FGFR3 S249C samples displayed significant decrease in the expression of PD-1, 

PD-L1 and CTLA4 (p<0.0001, p= 0.0083 and p= 0.0003, respectively).  
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Figure 3.12. FGFR3 S249C mutation effects on immunostimulatory and 
immunosuppressive genes expression. The FGFR3 mutation compared to CD4 and 
CD8 T cells (A, B), cytotoxic enzymes, GZMA and GZMB (C, D) and immunosuppressive 
factors, PD-1, PD-L1 and CTLA4 (E-G).  
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3.3 Discussion 

3.3.1 Results summary 
We have shown that: 

1. FGFR3 S249C mutation increased tumour occurrence and severity in carcinogen-

dependent bladder tumorigenesis (Figure 3.1). The phenotype of urothelial and bladder 

tumour cells in FGFR3 S249C mice showed distinct characteristics with an increase in 

invasiveness, lobulation, as well as squamous transformation and keratinisation 

compared to wt (Figure 3.2). 

2. Histopathological changes were suppressed in FGFR3 K644E at two weeks following 

carcinogen treatment (Figure 3.3). However, this was increased at 12 weeks, the time 

point which carcinogen has been ceased for two weeks (Figure 3.5). 

3. Neutrophil infiltration was suppressed in FGFR3S249C but not in Fgfr3K644E at 2 weeks of 

carcinogen treatment (Figure 3.6). 

4. FGFR3S249C tumours were mildly more neutrophil-infiltrated than wt tumours (Figure 

3.7). 

5. FGFR3 mutation associated with lower expression of immune gene signatures in 

bladder cancer patients. A significant decrease in the gene expression of neutrophil 

azurophilic granule (MPO), neutrophil chemotactic factors (CXCR2, CXCL2, 3, 5), 

cytotoxic T-cells and their enzymatic activities (CD8A, GZMA and GZMB), and 

immunosuppressive factors (PD-1, PD-L1 and CTLA4) was observed in FGFR3 S249C 

mutated samples (Figure 3.10-3.12). 

Altogether, the findings suggested that FGFR3 S249C mutation suppressed acute 

inflammatory responses in the bladder at the early time-point of carcinogen treatment in 

mice. The suppression was associated with the enhanced of the tumour progression. 

Furthermore, FGFR3 S249C and FGFR3 K644E mutations induced histopathological 

changes at differential time course, indicating different regulation of urothelial 

pathogenesis induced by these two FGFR3 mutations. The association of FGFR3 S249C 

with a decrease in immune cell signatures in bladder cancer patients further indicated its 

roles in modulating immune responses during bladder tumorigenesis.  

3.3.2 FGFR3 S249C mutation increased tumour occurrence and severity in 
carcinogen-dependent bladder tumorigenesis 
Inhibition of FGFR3 has been associated with a decrease in tumour cell proliferation and 

an increase in mouse survival in bladder cancer model ((Qing et al., 2009). Treatment with 
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anti-FGFR3 antibody (R3Mab) at 5 and 50 mg/kg dosage managed to decrease tumour 

volume (41 – 73%) in nude mice injected with RT112 cells that express wt FGFR3 (Qing 

et al., 2009). 

The effects of mutant FGFR3 in inducing intracellular signalling and cellular transformation 

are specific to each mutation (Di Martino et al., 2009).  

Fgfr3 K644E mutation alone did not play a causative role in inducing bladder 

tumorigenesis. However, with combination with other oncogenic signalling such as PTEN 

was able to induce urothelial tumorigenesis in mice (Foth et al., 2014).  

The differences in the effect of S249C mutation and K644E mutation may be attributable 

to the effect on the activation of downstream signalling related to PLCγ1 phosphorylation 

(di Martino et al., 2009). S249C mutation is a point mutation occurred in between the 

ligand Ig2 and Ig3 in the extracellular domain which is important for the ligand binding. 

Human K650/K652E mutation which is equivalent to K644E in mouse (Iwata et al., 2000) 

occurred in cytoplasmic tyrosine kinase domain that transmit the signal to the nucleus 

(Lievens et al., 2004). Phosphorylation of S249C FGFR3 is independent to the FGFs 

binding in contrast to the K652E FGFR3 which required stimulation with FGFs for the 

phosphorylation of PLCγ1 (di Martino et al., 2009). 

Squamous differentiation has been associated with increased of recurrence, poor 

prognosis and decrease sensitivity to adjuvant therapy in bladder cancer patients (Li et 

al., 2017; Gluck et al., 2014). The presence of squamous differentiation was observed in 

about 21% of urothelial carcinomas and associated with both poorly to moderate and well-

differentiated of invasive and non-invasive phenotype, respectively (Zhai et al., 2007). 

3.3.3 FGFR3 S249C mutation suppressed acute inflammation 
A significant decrease in neutrophil infiltration was observed at 2 weeks of carcinogen 

treatment (Figure 3.6). In contrast, at 20 weeks from the start of carcinogen, a modest 

increase in neutrophil infiltration was observed in the tumour of FGFR3 S249C compared 

to wt (Figure 3.7). Fgfr3K644E mice showed a significant increase in neutrophils infiltration 

at 12 weeks from the start of carcinogen treatment (Figure 3.7). T-cell infiltration was not 

affected in FGFR3 mutated mice upon carcinogen induction and at the later stage of 

bladder tumorigenesis (Figure 3.8 and 3.9). 

The lack of neutrophils in FGFR3S249C at the early time of carcinogen treatment could 

indicate suppression of acute inflammatory response. However, at a later stage, the 

effects of tumour progression likely led to neutrophil recruitment into the tumour 

microenvironment. 
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Neutrophils are important regulators for both the innate and adaptive immune response. 

Fibroblast growth factors, FGF1 and FGF2 are involved in neutrophil chemotaxis through 

FGFR2, but not FGFR3, as human neutrophils do not express FGFR3 (Haddad et al., 

2011). Mechanistic effects of FGFR3 on neutrophils and other immune cells are largely 

unknown.  

3.3.4 FGFR3 mutation associated with a lower expression of immune gene 
signatures in bladder cancer patients 
FGFR3 alterations were associated with poor responses to immune checkpoint inhibitors 

(Ibrahim et al., 2019). Recent studies showed that FGFR3 mutation could be a tumour-

intrinsic factor that drives T cell exclusion from MIBC tumour subset, leading to non-T cell 

inflamed phenotype (Ibrahim et al., 2019; Kilgour et al., 2016; Sweis et al., 2016). FGFR3 

alterations in MIBC was associated with low expression of PD-L1 and low CD8 infiltration 

compared to wt FGFR3 (Kilgour et al., 2016). 

Beside PD-L1 and CD8, the expression of other immune cell signature involved in the T 

cell activation (GZMA), checkpoint T cell (TIGIT, ENTPD1, HAVCR2), checkpoint tumour 

cell (PVRIG), and MHC (HLA-DRA, HLA DRB) was also observed in MIBC (Borcoman et 

al., 2019). The reduction of expression was associated with the activation of the PI3K 

pathway (Borcomon et al., 2019). PI3K is the downstream signalling for FGFR3 (Spivak-

Kroizman et al., 1994; Chen et al., 2005; Ornitz and Itoh, 2015). 

A similar observation was also reported in upper tract urothelial carcinoma with high 

expression of FGFR3, which correlated with a reduction of T cell infiltration in the tumour 

microenvironment (Robinson et al., 2019). 

To the best of our knowledge, no study has reported the association of FGFR3 mutation 

with the gene expression for chemotactic factors for neutrophils. 

In our mouse model, Fgfr3 mutation was associated with the suppression of immune 

infiltration at the acute inflammatory stage induced by the carcinogen treatment. However, 

at the later stage of tumour growth, the infiltration of immune cells was not associated by 

Fgfr3 mutation but instead the presence of the tumour and their progression (Foth et al., 

2018). As discussed in the 3.3.4, the reduction of immune gene expression could be 

associated with the PI3K pathway as FGFR3 is the upstream of this pathway. 
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3.4 Future directions 
Further evaluation should be performed on the effects of FGFR3 on the expression of T 

helper (CD4) and T effector (CD8) cells. 

In order to better understand the role of FGFR3 mutation and immune response, our data 

presented in 3.2.10 need to be further analyzed based on the gender of the patients, 

grade and type of the tumour.  
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Chapter 4 

Effects of Cxcr2 deletion in carcinogen-
dependent bladder tumorigenesis   
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4.1 Aim & objectives 
The study in this chapter aimed to investigate the effects of Cxcr2 deletion in carcinogen-

dependent bladder tumorigenesis. The specific objectives were: 

1) To characterise the effects of Cxcr2 deletion during the acute inflammation stage and 

late bladder tumorigenesis by gross observations of animals and the bladder at 

dissection, and by histopathological analysis. 

2) To compare the differences in the tumour histopathology between male and female 

mice. 

3) To determine the roles of Cxcr2 in regulating senescence-associated pathways in 

bladder tumorigenesis by immunohistochemistry (IHC). 
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4.2 Results 

4.2.1 Cxcr2 deletion led to adverse gross observation induced by OH-BBN 
treatment 
For the carcinogen-induced bladder tumorigenesis, wt, Cxcr2 flox, and Cxcr2 ko mice 

aged between 8-10 weeks were continuously subjected to 0.05% OH-BBN for 10 weeks 

(Figure 4.1). Mice were then subjected to another 10 weeks with normal drinking water to 

allow tumour development. Culling and bladder harvest was performed at 2, 12, 16 and 

20 weeks from the start of OH-BBN treatment.  

No sign of haematuria or bladder tumour was observed at 2 weeks, 12 weeks, or 16 

weeks in wt, Cxcr2 flox, and Cxcr2 ko. At 20 weeks from the start of carcinogen treatment, 

haematuria was observed in male mice with 27.6% (n = 8/29) in Cxcr2 flox, 33.3% (n = 

3/9) in Cxcr2 ko, and none in wt (n = 0/39). In contrast, none of the wt, Cxcr2 flox, or 

Cxcr2 ko female mice showed haematuria.  

The gross observation also revealed that male Cxcr2 flox had the highest tumour 

incidence with 75.9% of the cases (n = 22/29), followed by Cxcr2 ko (33.3%, n = 3/9), in 

comparison to 23.1% (n = 9/39) in wt (Table 4.1). On the other hand, only female wt 

showed the presence of a bladder tumour with 18.5% of the cases (n = 5/27), while there 

were none for Cxcr2 flox or Cxcr2 ko.  

In summary, the presence of haematuria and a bladder tumour at dissection were 

macroscopically observed at 20 weeks from the start of OH-BBN treatment (Table 4.1). 

Male Cxcr2 flox, but not Cxcr2 ko, have a higher percentage of haematuria and bladder 

tumour in comparison to wt. In contrast, a lower in tumour occurrence was observed in 

females of Cxcr2 flox and Cxcr2 ko compared to wt at 20 weeks from the start of OH-

BBN.  
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Figure 4.1. Schematic presentation of OH-BBN treatment for induction of bladder 
tumorigenesis. Cxcr2 flox and Cxcr2 ko mice were subjected to 0.05% OH-BBN in 
drinking water for 10 weeks, followed by another 10 weeks with normal drinking water. 
Wildtype “wt” (C57/Bl6 Charles River) mice were used as a control. The sampling of the 
bladder tissue was performed at 2, 12, 16, and 20 weeks from the start of OH-BBN 
treatment.  
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Table 4.1. Summary of the mouse cohorts and gross observations at the time of dissection. Mice from wt, Cxcr2 flox and Cxcr2 ko were treated 
with OH-BBN for 10 weeks with OH-BBN (followed with 10 weeks with normal drinking water). n/a indicate no sample available. 

 

Table 4.1. Summary of the mouse cohorts and gross observations at the time of dissection. n/a indicate no sample available. 

 

Genotype 
  
  
  
   

Time from 
the start 
of OH-
BBN 
treatment 
(weeks)* 
  

Cohort size (n) 
  
  

Haematuria (n) Tumour (n) 

Total Male Female Total Male  Female Total Male  Female 

Wildtype 2 43 34 9 43 0/34 (0%) 0/9 (0%) 43 0/34 (0%) 0/9 (0%) 
12 15 8 7 15 0/8 (0%) 0/7 (0%) 15 0/8 (0%) 0/7 (0%) 
16 5 5 0 5 0/5 (0%) 0/0 (0%) 5 0/5 (0%) 0/0 (0%) 
20 70 43 27 66 0/39 (0%) 0/27 (0%) 66 9/39 (23.1%) 5/27 (18.5%) 

  
Cxcr2 flox 

 
 
  

2 47 34 13 47 0/34 (0%) 0/13 (0%) 47 0/34 (0%) 0/13 (0%) 
12 12 6 6 12 0/6 (0%) 0/6 (0%) 12 0/6 (0%) 0/6 (0%) 
16 5 5 0 5 0/5 (0%) 0/0 (0%) 5 0/5 (0%) 0/0 (0%) 
20 41 31 10 37 8/29 (27.6%) 0/8 (0%) 37 22/29 (75.9%) 0/8 (0%) 

  
Cxcr2 ko 

 
  

2 9 9 0 9 0/9 (0%) 0/0 (0%) 9 0/9 (0%) 0/0 (0%) 
12 0 0 0 n/a n/a n/a n/a n/a n/a 
16 0 0 0 n/a n/a n/a n/a n/a n/a 
20 16 9 7 16 3/9 (33.3%) 0/7 (0%) 16 3/9 (33.3%) 0/7 (0%) 
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4.2.2 Increase in bladder weight in Cxcr2 flox at 20 weeks of the OH-BBN 
course of treatment  
We next analysed the weight of the dissected bladder tissues at dissection. Male Cxcr2 

flox showed significantly higher bladder weight (65.7 mg, mean) in comparison to wt (44 

mg, mean) (p = 0.0002, n = 27 Cxcr2 flox, n = 39 wt) (Figure 4.2). The mean for bladder 

weight of male Cxcr2 ko was comparable to wt. However, the data showed one outlier for 

Cxcr2 ko mouse. At gross examination, this particular Cxcr2 ko mouse had the heaviest 

bladder (4,000 mg) due to the presence of a big tumour and enlarged spleen which could 

be associated with the deletion of Cxcr2. The spleen was not harvested for 

histopathological examination.  

In summary, the bladder weight supported the gross observation of increased tumour 

incidence in Cxcr2 flox mice in comparison to wt and Cxcr2 ko (Table 4.1, Figure 4.2).  
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Figure 4.2. Bladder weight at 20 weeks from the start of OH-BBN treatment. 
Statistical significances were determined using the Mann-Whitney test for non-parametric 
distribution. The p-values of **p < 0.001 were considered significant.  

 

  

**p= 0.0002

wt Cxcr2        Cxcr2    
flox ko
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4.2.3 Cxcr2 deletion in the myeloid-lineage increased tumour pathogenesis 
in OH-BBN-induced bladder tumour model 
We next investigated the effects of Cxcr2 loss on bladder tumorigenesis at the 

histopathological level.  

Microscopic observations of H&E stained sections revealed that the majority of mice in wt, 

Cxcr2 flox, and Cxcr2 ko developed abnormalities in the urothelium, including atypia, 

hyperplasia, dysplasia, and carcinoma in situ (CIS) in response to OH-BBN treatment 

(Figure 4.3A-C). The tumours occurred more frequently in the Cxcr2 flox compared to wt 

(p = 0.0006). Tumour pathogenesis was not significantly different when Cxcr2 ko and wt 

mice were compared (Figure 4.3A). Similar observations were obtained when males and 

females where compared individually (Figure 4.3B, C).  

We also evaluated the size of the tumour developed at 20 weeks. A tumour size of more 

than >3 mm2 of the bladder tissues (examined in section) was considered to be ‘big’. The 

remainder (tumour size <3 mm2) was considered to be ‘small’. Cxcr2 flox showed a 

significantly higher occurrence of big tumours (60%) in comparison to wt (16.7%) (p = 

0.0473) (Figure 4.3D). No significant different was observed when the size of the tumour 

area (mm2) where compared between wt, Cxcr2 flox and Cxcr2 ko (Mann-Whitney test) 

(Figure 4.3G-I). 

Altogether, the histopathological analysis corresponded with the macroscopic 

observations at dissection of increased tumour occurrence in Cxcr2 flox compared to wt 

(Table 4.1). 
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Figure 4.3. Histopathological analysis of the bladder at 20 weeks from the start of 
OH-BBN treatment. Pathogenesis (A-C) and tumour size (D-F) are presented by the 
percentage of each criterion within the total observations made. Tumour area (G-I) of 
each individual mouse. The number of samples (n) analysed is as indicated below the 
respective graph. Statistical significances were determined using the Mann-Whitney test 
for non-parametric distribution. The p-values are indicated where *p < 0.05 and **p < 
0.001 were considered significant.  
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Pathogenesis
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4.2.4 Cxcr2 flox showed an increase in invasiveness and squamous 
transformation 
Next, we evaluated the characteristics of the urothelial pathogenesis in more detail.  

Cxcr2 flox and Cxcr2 ko bladders showed significantly higher invasiveness (p < 0.0001 

and p = 0.0106, respectively) compared to wt (Figure 4.4A). Cxcr2 flox and Cxcr2 ko also 

showed a significant increase of squamous transformation compared to wt (p < 0.0001 

and p = 0.0485, respectively) (Figure 4.4D).  

Similar observations were obtained in males and females for invasiveness and squamous 

transformation (Figure 4.4B, C, E, and F). 

No significant differences were observed in the presence of a lobulated pattern of the 

basal membrane of the urothelium (Figure 4.4G-I).  

In summary, the results showed that Cxcr2 deletion in the myeloid lineage (Cxcr2 flox) 

resulted in the enhanced urothelial abnormalities and tumour pathology in comparison to 

wt (Fig 4.3 and 4.4). This indicated that Cxcr2 deletion in the myeloid lineage is pro-

tumorigenic. In contrast, Cxcr2 deletion in the tissue (Cxcr2 ko) resulted in a similar 

bladder phenotype to wt.  
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Figure 4.4. The characteristics of the urothelial at 20 weeks from the start of OH-
BBN treatment. Invasiveness (A-C). Squamous transformation of the urothelial and 
tumour (D-F). Lobulated appearance of the basement membrane (G-I). Number of 
samples (n) analysed are as indicated below graph. The p-values (Mann-Whitney) are 
indicated where *p<0.05 and **p< 0.01 were considered significant.  

 

 

  

Lobulation

M/F                 Male                 Female  (20 weeks)

n = 47      22     15         n =  20     13       8               n = 27      9         7         

Squamous transformation

Invasiveness

n = 47      23     16            n =  20     13       9              n = 27       10     7         

A                                B                               C

D                                 E                               F

G                           H                              I     
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4.2.5 Stroma thickness was reduced in Cxcr2 flox at 2 weeks of OH-BBN 
treatment 
Due to robust changes in the tumour occurrence and tumour phenotype in Cxcr2 flox and 

not in Cxcr2 ko, compared to wt, we next address the mechanism of increased bladder 

tumorigenesis in the Cxcr2 flox mice. Cxcr2 ko was also difficult to breed (personal 

communication with Dr Tomoko Iwata and Professor Jennifer Morton). 

We examined the histopathological changes in the bladder tissue harvested at the earlier 

time points. At two weeks of the OH-BBN treatment, urothelial abnormalities, namely 

hyperplasia, atypia, and dysplasia, were observed at a comparable level in Cxcr2 flox and 

wt (Fig 4.5A-F).  

The majority of Cxcr2 flox bladders showed a thinner stroma than wt (p = 0.0165) (Figure 

4.5G). The difference was present in males (p = 0.01648) (Figure 4.4H) but not in females 

(Figure 4.5I).  

Cxcr2 flox showed a mild decrease in the presence of the blood vessels, which could 

indicate angiogenesis, in the inner stroma compared to wt. However, the frequency was 

comparable in the outer stroma (Figure 4.5J-O).  

 



 

 

104 

Figure 4.5. Histopathological analysis of urothelial abnormalities at 2 weeks. 
Presence of hyperplasia (A-C), atypia/dysplasia in urothelial area (D-F). Thickness of 
stroma (G-I), and presence of blood vessels (angiogenesis) in inner and outer stroma (J-
L, M-O, respectively). Statistical analysis was performed using Mann-Whitney test, *p< 
0.05.  

  

M/F                  Male               Female  (2 weeks)
Hyperplasia

Atypia / Dysplasia

n = 34         38                 n =  25         29               n = 9         9         

A                              B                             C

Stroma thickness

Angiogenesis in the inner stroma

Angiogenesis in the outer stroma

n = 34        38               n =  25          29            n = 9           9         

*p= 0.0165 *p= 0.0351

D                              E                             F

G                              H                             I

J                               K                            L

M                              N                            O

wt Cxcr2 flox wt Cxcr2 flox wt Cxcr2 flox

wt Cxcr2 flox wt Cxcr2 flox wt Cxcr2 flox

wt Cxcr2 flox wt Cxcr2 flox wt Cxcr2 flox

wt Cxcr2 flox wt Cxcr2 flox wt Cxcr2 flox

wt Cxcr2 flox wt Cxcr2 flox wt Cxcr2 flox
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4.2.6 No significant difference in urothelial phenotype was observed at 12 
weeks  
The changes in bladder characteristics were also investigated in the bladders at 12 weeks 

from the start of carcinogen treatment. The 12 weeks included 10 weeks of OH-BBN 

treatment and an additional two weeks of tap water.  

Cxcr2 flox mice showed no statistically significant differences compared to wt in the 

urothelial phenotype, including hyperplasia, atypia, Dysplasia, and CIS, as well as 

invasiveness and lobulation (4.6A-I). 

Altogether, the urothelial phenotype was comparable between Cxcr2 flox and wt at two 

weeks and 12 weeks (Figure 4.5 and 4.6). However, a significant decrease in stroma 

thickness observed in Cxcr2 flox at 2 weeks could indicate a dysregulation in the acute 

inflammatory response.  
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Figure 4.6. Histopathological analysis of the bladders at 12 weeks from the start of 
OH-BBN treatment. Pathogenesis (A-C), invasiveness of urothelial cells (D-F), and 
lobulation formation of basement membrane (G-I) were quantified as a percentage of 
each criterion.  

  

M/F                  Male                 Female  (12 weeks)
Pathogenesis

Invasiveness

Lobulation

n = 7           4                    n = 3             2                   n =  4             2

A                              B                            C

D                              E                             F  

G                              H                            I
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4.2.7 Cxcr2 flox displayed pathological changes at 16 weeks  
We next analysed the pathological changes at 16 weeks from the start of OH-BBN 

treatment, in which OH-BBN had been ceased for six weeks. A small sample size, n = 5 

each for wt and Cxcr2 flox, was used. 

All five wt samples at this timepoint only showed the presence of hyperplasia or atypia. In 

contrast, two out of five (40%) of male Cxcr2 flox showed the presence of a tumour. 

Furthermore, three out of five (60%) of Cxcr2 flox showed dysplasia or CIS (Figure 4.7A).  

We next looked at the invasiveness of urothelial cells and lobulation of the basement 

membrane. Muscle invasion and stromal invasion were observed in one (20%) and two 

mice (40%) of Cxcr2 flox, respectively. Another two (40%) Cxcr2 flox mice showed 

ambiguous basal membrane. In contrast, all five (100%) wt mice showed ambiguous 

basal membranes (Figure 4.7B).  

For the formation of lobulation at the basement membrane, three out of five (60%) Cxcr2 

flox mice showed severe or multiple sites of lobulation, while another two showed mild or 

a local presence of lobulation. Wt, on the other hand, showed no presence of lobulation in 

all five out of five mice (Figure 4.7C).  

We also observed a significant difference in the squamous transformation of the 

urothelium. Four out of five Cxcr2 flox bladders (80%) displayed a mild or small area of 

squamous transformation, while none of the wt showed a squamous transformation (p 

= 0.0476) (Figure 4.7D). 

Taken altogether, the increase in bladder pathogenesis was evident in Cxcr2 flox 

compared to wt at 16 weeks, indicating that tumour initiation and promotion were 

enhanced in the absence of Cxcr2 expression.  
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Figure 4.7. Histopathological analysis of bladder at 16 weeks from the start of OH-
BBN treatment. Urothelial pathogenesis and tumour occurrence (A). Invasiveness of 
urothelial and bladder tumour cells (B). Formation of lobulation at basement membrane 
(C). Transformation of urothelial and bladder tumour cells (D).  Mann-Whitney test was 
used to evaluate the statistical difference with *p<0.05 was considered significant.  
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4.2.8 Senescence was retained in Cxcr2 flox mice at 2 weeks 
Based on the report that showed depletion of Cxcr2 could delayed and impaired both 

replicative and oncogenic-induced senescence (OIC) (Acosta et al., 2009), we had also 

investigated the ability of Cxcr2 to reinforces senescence in abnormal cells in the bladder 

following carcinogen treatment. OIC is regarded as the first barrier of defence against 

cancer development (Haugstetter et al. 2010). Therefore, we hypothesized that loss of 

Cxcr2 in senescence pathway will influence the bladder tumour progression in a context 

dependent manner.  

In order to address whether senescence plays a role in the phenotype observed in Cxcr2 

flox mice, senescence-associated proteins was evaluated non-quantitatively in n=3 

samples per cohort. The expression was first examined in samples at 2 weeks of OH-BBN 

treatment.  

Four senescence-associated markers were used. γH2aX is a marker to detect the 

presence of DNA damage (Hooten and Evans, 2017). p53 and p21 are the cell cycle 

regulator and inhibitor, respectively. p21 is known to be up-regulated as a downstream of 

p53 (El-Deiry et al., 1993). Ki67 is a marker for cell proliferation (Scholzen and Gerdes, 

2000). The images were analysed qualitatively in n = 3 samples, in which scoring was 

performed in respect to the overall proportion of cells expressing positive staining in the 

tissue sections.  

At two weeks, DNA damage was present and at a similar level in the urothelium of wt and 

Cxcr2 flox (Figure 4.8A, B). The expected increase in p53 (Figure 4.8C, D) and p21 

expressions (Figure 4.8E, F) were also observed similarly in both cohorts. Only a few 

Ki67-positive cells were present in the urothelium of wt and Cxcr2 flox (Figure 4.8G, H).  
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Figure 4.8. Expression of senescence-associated proteins at 2 weeks. 
Representative images of γH2aX (A and B), p53 (C and D), p21 (E and F), and Ki67 (G 
and H). IHC staining in wt (A, C, E, and G) and Cxcr2 flox (B, D, F, and H) bladder 
samples treated with OH-BBN for 2 weeks. N=3 samples were used for each cohort. 
Scale bar represents 100 µm.  
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4.2.9 Cxcr2 deletion in the myeloid lineage led to an impairment of the 
senescence pathway at 20 weeks 
We next analysed the cellular senescence in tumour samples taken at 20 weeks from the 

start of carcinogen treatment.  

The DNA damage was still retained, as indicated by γH2aX positivity, even after 

carcinogen treatment ceased for 10 weeks (Figure 4.9A-C).  

We analysed the expression of p53 and p21 using consecutive sections. It was observed 

that these two protein expressions co-localized with γH2aX positivity in the wild type 

(Figure 4.9D, G). Accordingly, some Ki67 positivity was observed in the corresponding 

tumour area (Figure 4.9J).  

In Cxcr2 flox and Cxcr2 ko, the levels of expressions of γH2aX and p53 were comparable 

to wt (Figure 4.9E, F). However, the expression of p21 was reduced in Cxcr2 flox and 

Cxcr2 ko compared to wt, regardless of sustained p53 expression (Figure 4.9H, I). 

Accordingly, increased Ki67 positivity was identified in tumours of Cxcr2 flox and Cxcr2 ko 

(Figure 4.9K, L).  

Altogether, these data indicate that the senescence pathway was intact in wt at two weeks 

and 20 weeks from the start of OH-BBN treatment. The expression of p53 co-localized 

with γH2aX at both time points. However, despite no changes in the p53 expression, that 

of p21 decreased in Cxcr2 flox and Cxcr2 ko tumour samples, leading to a concomitant 

increase in Ki67. This indicated that the loss of Cxcr2 expression led to dysregulation in 

the senescence pathway at the p53-p21 relay point and is likely to have enhanced the 

tumour progression (Figure 4.8 and 4.9).  
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Figure 4.9. Expression of senescence-associated proteins in bladder tumour at 20 
weeks. Representative images of γH2ax (A, B, and C), p53 (D, E, and F), p21 (G, H, and 
I), and ki67 (J, K, and L). IHC staining in wt (A, D, G, and J), Cxcr2 flox (B, E, H, and K), 
and Cxcr2 ko (C, F, I, and L) bladder samples were evaluated. N=3 samples were used 
for each cohort. Scale bar represents 100 µm.  
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4.3 Discussion 

4.3.1 Summary of results 
In summary, the results in this chapter showed that: 

1) Deletion of Cxcr2 in the myeloid cells (Cxcr2 flox), but not in the tissue (Cxcr2 ko), 

yielded a significant increase in the tumour occurrence and size of the tumour in 

comparison with wt (Table 4.1, Figure 4.2 and 4.3). 

2) At 2 weeks of carcinogen treatment, wt and Cxcr2 flox showed comparable urothelial 

abnormalities. However, the thickening of the stroma, indicative of inflammation, as well 

as angiogenesis, were less observed in Cxcr2 flox compared to wt (Figure 4.4). 

3) Tumour formation was observed at 16 weeks in Cxcr2 flox, an an earlier time point in 

comparing to wt (Figure 4.7). 

4) The senescence-associated pathway was similarly activated in Cxr2 flox and wt with 

the expression of ɣ-H2aX, p53, p21 but low Ki67 observed at 2 weeks of carcinogen 

treatment (Figure 4.8). However, at the later stage of bladder tumorigenesis, tumour cell 

proliferation occurred regardless of p53 expression in Cxcr2 flox (Figure 4.9).  

5) Male mice displayed severe urothelial pathogenesis and tumour occurrence compared 

to female mice (Figure 4.3 and 4.4). 

Altogether, our results showed that Cxcr2 deletion in the myeloid cells increased 

tumorigenesis in the bladder, indicated the ability of Cxcr2 in inhibiting bladder 

tumorigenesis. Furthermore, the disparity between Cxcr2 flox and Cxcr2 ko indicated the 

tissue-dependent effect of Cxcr2 in myeloid cells and in the bladder. Similar to humans, 

there was a higher incidence of tumour occurrence in male mice compared to female, 

regardless of genotype. 

 4.3.2 Cxcr2 deletion in the myeloid cells enhanced bladder tumour 
occurrence and progression 
CXCL1/CXCR2 have been implicated in the migration and angiogenic effects of 

melanoma cells (Singh et al., 2009) and their axis is essential in the metastasis of colon 

cancer (Yamamoto et al., 2008). Cxcr2 deletion suppressed inflammation-driven 

tumorigenesis in the skin and intestine as well as spontaneous adenocarcinoma formation 

(Jamieson et al., 2012). Cxcr2 expression was also found to be higher in tumour tissue 

compared to adjacent non-cancerous tissue, and this correlates with their abilities to 

modulate tumour transformation, survival, growth, invasion, and metastasis by indirectly 

regulating angiogenesis and tumour-leukocyte interactions (Lee et al., 2014). 
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Our results contradict most of the reported effects of Cxcr2 in the in vivo carcinogenesis 

models (discussed in Chapter 8 in more depth).  

An increase in the incidence of developing bladder tumour in Cxcr2 flox mice indicated 

that the Cxcr2 expression in the myeloid cells was potentially anti-tumour, suppressing the 

bladder tumorigenesis. However, further deletion of the Cxcr2 in the bladder in Cxcr2 ko 

appeared to cancel out this tumour promoting effects of myeloid-specific deletion of 

Cxcr2, returning the level of tumorigenesis to that of the wt, which indicated the pro-

tumour effect of epithelial (or bladder) Cxcr2. Myeloid cell-independent, bladder-specific 

effects of Cxcr2 deletion can be assessed by bladder-specific deletion of Cxcr2, for 

example, by use of UroIICre, in the future. As mentioned in 1.8.2.1.1, numerous studies 

have reported the usage of UroII promoter to create conditional modulation of targeting 

gene in bladder cancer mouse models (Kobayashi et al., 2015; Zhang et al., 1999). Thus, 

by crossing the UPII-Cre line to the line of mouse bearing the Cxcr2 gene flanked by the 

loxP sequences (floxed Cxcr2), we might be able to investigate the specific role of Cxcr2 

expression in the bladder tissue.  

The evaluation of the stromal thickness and angiogenesis at the 2 weeks of OH-BBN 

treatment in this study indicated suppression of acute inflammatory responses in the 

absence of Cxcr2. For the analysis of angiogenesis, IHC with markers, such as CD31 

(PECAM-1) and VEGF (Murdoch et al., 2008) could be used in the future. 

4.3.3 Cxcr2 loss may dysregulate senescence leading to bladder 
tumorigenesis 
In normal cellular responses, DNA damage leads to either cell cycle arrest to repair the 

lesions or apoptosis. In DNA damage response pathways p53 is stabilized and its function 

as a transcription factor is activated, which leads to up-regulation of its downstream gene, 

p21. This downstream factor is an important inhibitor for cyclin-dependent kinases (CDKs) 

to induce senescence/cell cycle arrest at the G1/S phase (Bartek and Lukas, 2001). Thus, 

tumour cells in the Cxcr2 flox and Cxcr2 ko mice may have evaded the senescence by 

manipulating the defect in the p53-transcriptional activated p21 pathway.  

The anti-proliferative effects and cell cycle inhibitory effects of Cxcr2 could be a result of 

its role in the regulation of the senescence pathway (Acosta et al., 2018). In its absence, 

tumour cells may have gained the ability to escape the senescence barrier, as observed 

in the immunohistochemistry analysis of senescence-associated proteins in Cxcr2 flox 

and Cxcr2 ko (Figure 4.9). An increase in cell proliferation has long been associated with 

tumour progression (Ventura et al., 2007). It has been suggested that the expression of 

Ki67 can be used as a prognostic marker for tumour recurrence and progression in 
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NMIBC (Ding et al., 2014). Its expression is associated with a higher grade and the risk of 

recurrence of NMIBC.  

The IHC staining for the γH2aX, p53, p21, and Ki67 should be further improved to reduce 

the background staining. The expression can be further analysed by an improved strategy 

using image analysis software (for example; QuPath or ImageJ) for semi-quantification 

analysis. The number of samples should be increased to at least n=2 more in each cohort.  

 

4.3.4 Tumour occurrence was more frequent in male mice than female  
Although both male and female mice received the same carcinogen treatment, tumour 

occurrence was observed to be higher in the male than in the female mice.  

In humans, men are more likely to be diagnosed with this cancer (1 in 39) compared to 

women (1 in 110) (Cancer Research UK, 2019). This is associated with cigarette smoking 

and industrial or occupational chemical exposures, which were more common in men 

compared to women. 

The elevated tumour occurrence could be linked to the intrinsic gender differences.  

Some studies have reported the association of sex hormones such as androgen and 

testosterone in promoting bladder cancer progression in human bladder tumours 

(Johnson et al., 2008; Miyamoto et al., 2007; Okajima et al., 1975). Transgenic castrated 

male mice and treated with OH-BBN showed an inhibition of bladder tumour growth and 

volume compared to non-castrated mice (Johnson et al., 2008). Female mice implanted 

with testosterone showed an increase of OH-BBN-induced bladder carcinogenesis 

(Okajima et al., 1975). Altered exposure of the primary sex hormone, oestrogen, has also 

been suggested to limit the risk of urothelial carcinoma incidence in women (George et al., 

2013). It was suggested that sexual dimorphism exists in immune response, as seen in 

clinical studies of gastric cancer (Caruso et al., 2002). Female patients showed higher 

tumour-infiltrating neutrophils associated with a low mortality rate, but this was 

insignificant in male patients (Caruso et al., 2002). 
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Chapter 5 

Effects on Immune cell infiltration upon Cxcr2 
deletion 
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5.1.1 Hypotheses 
1) The loss of Cxcr2 will suppress the level of neutrophils in circulation and in the bladder 

during the acute inflammation stage induced by OH-BBN treatment, leading to overall 

suppression of immune infiltrations in the bladder tissue as a consequence.  

2) At the late stage of tumorigenesis, the level of immune cells in circulation and in the 

bladder tissue might become independent of Cxcr2 loss, but instead, influenced by the 

presence of the bladder tumour. 

5.1.2 Aim and objectives 
This chapter aimed to investigate the effects of Cxcr2 loss in the recruitment of the 

myeloid cells and T-cell populations during bladder tumorigenesis. The specific objectives 

were: 

1. To analyse the effects of Cxcr2 loss in the levels of immune cells in the blood  

2. To analyse the effects of Cxcr2 loss in the levels of immune cells in the bladder tissue 

3. To evaluate the above differences in the blood and in the bladder tissues 

4. To evaluate how the above changes occur during the time course of carcinogen  

    treatment  

5. To evaluate how the above associated with the presence of tumours 

6. To compare the populations of neutrophils identified by morphology to markers. 
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5.2 Results 

5.2.1 WBC populations at 2 weeks of carcinogen treatment 
Blood samples of wt and Cxcr2 flox were withdrawn at 2 weeks from the start of OH-BBN 

treatment. The cell populations were evaluated in relative populations (percentage of each 

subset to total WBC), and the number of the cells in the blood (cells/ml). 

In general, there was no significant difference in WBC populations between wt and Cxcr2 

flox mice (Figure 5.1).  

However, a lower number of neutrophils in Cxcr2 flox was observed in two out of three 

mice of this cohort in compared to wt (Fig 5.1A, D). These two particular Cxcr2 flox mice 

also showed a higher number of lymphocytes and accordingly, a lower number of NLR in 

comparison to wt (Figure 5.1C, E).  

It was also observed that the same two Cxcr2 flox mice have a comparable number of 

monocytes and eosinophils, but a higher number of basophils compared to wt (Figure 

5.1F-K). 
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Figure 5.1. Effects of Cxcr2 deletion in circulation at 2 weeks of carcinogen 
treatment. Number of neutrophils, lymphocytes, NLR in blood (cells/ml) (A-C). Relative 
population of neutrophils and lymphocytes in whole WBC (%) (D, E). Number of 
monocytes, eosinophils and basophils in blood (cells/ml) (F-H). Relative population of 
neutrophils and lymphocytes in whole WBC (%) (I-K).  
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5.2.2 WBC populations at 16 weeks from the start of carcinogen treatment  
We had also performed blood analysis on samples taken at 16 weeks, in which OH-BBN 

had been ceased for 6 weeks after 10 weeks of OH-BBN application. 

The levels of neutrophils in Cxcr2 flox mice were significantly lower in comparison to wt (p 

= 0.0238, Figure 5.2D). In contrast, lymphocytes were significantly increased in Cxcr2 flox 

compared to wt (p = 0.0317, Figure 5.2B). Accordingly, the NLR was reduced in Cxcr2 

flox compared to wt (p = 0.0317, Figure 5.2C).  

Cxcr2 flox also showed a significantly higher level of monocytes in comparison to wt (p = 

0.0159, p = 0.0079, Figure 5.2F, I). On the other hand, the levels of eosinophils and 

basophils were comparable in Cxcr2 flox and wt mice (Figure 5.2G, J, H, K).  
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Figure 5.2. Blood analysis at 16 weeks from the start of carcinogen treatment. 
Absolute number of neutrophils, lymphocytes, monocytes, basophils and eosinophils 
within blood (cell/ml) (A, B, F, G, J) and NLR (C). Relative number of neutrophils, 
lymphocytes, monocytes, basophils and eosinophils subset within whole WBC (%) (C, D, 
G, H, K, L). Relative number of monocyte and eosinophil population in whole WBC (%) (C, 
D, G, H, K, L). Number of samples (n) analysed are as indicated below graph. The p-
values (Mann-Whitney) are indicated where *p <0.05 and **p < 0.005 were considered 
significant. 
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5.2.3 Levels of neutrophils and lymphocytes in circulation were altered in the 
presence of tumour 
We next analysed the blood profile in mice culled at 20 weeks from the start of OH-BBN 

treatment.  

Overall, Cxcr2 flox and wt mice showed a comparable level of circulating neutrophils, 

regardless of the presence of the tumour in the bladder (Figure 5.3A-D).  

We have also compared the neutrophils number between mice that harboured bladder 

tumour with the non-bladder tumour in the same cohort. Wt mice with bladder tumour 

showed a significant increase in circulating neutrophils (p = 0.0280), and in relative to 

whole WBC populations (p = 0.0105) compared to their non-bladder tumour counterparts 

(Figure 5.3B, D). This difference was not observed between Cxcr2 flox mice that 

harboured bladder tumour with their non-bladder tumour counterparts (Figure 5.3B, D). 

In general, no significant changes were observed in the number of circulating lymphocytes 

between Cxcr2 flox and wt mice (Figure 5.3E-H). However, in mice without bladder 

tumour, a decrease in circulating lymphocytes was observed in Cxcr2 flox mice compared 

to the respective wt mice (p = 0.0108, Figure 5.3F).  

We have also compared the NLR between Cxcr2 flox and wt and observed no significant 

changes (Figure 5.3I, J). However, a significant increase in NLR was observed in wt mice 

that harboured bladder tumour in comparison to the wt mice without bladder tumour (p = 

0.049, Figure 5.3J).  
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Figure 5.3. WBC profiles at 20 weeks. Number of neutrophils, lymphocytes, NLR in 
blood (cells/ml) (A, E, I). Relative population of neutrophils and lymphocytes in whole 
WBC (%) (C, D, G, H). Samples were taken at 20 weeks from the start of carcinogen 
treatment. Significant difference was evaluated using Mann-Whitney test with *p< 0.05 
was considered significant.  
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5.2.4 Cxcr2 deletion increased monocytes infiltration in non-bladder tumour 
mice  
We next analysed the differences in the number of circulating monocytes, eosinophils and 

basophils between Cxcr2 flox and wt at 20 weeks from the start of OH-BBN.  

Cxcr2 flox mice showed a significant increase in circulating monocytes (p = 0.0426) as 

well as in relative to the whole WBC (p = 0.0007), compared to wt mice (Figure 5.4A, C).  

Cxcr2 flox mice without bladder tumour demonstrated a significant increase in the 

circulating monocytes (p = 0.0362) and relative number to the whole WBC (p = 0.0009) 

compared to the wt mice without bladder tumour (Figure 5.4A, C).  

In general, there was no significant difference observed in the number of circulating 

eosinophils between Cxcr2 flox and wt samples.  

However, we did observe a significant increase in the number of absolute (p = 0.0245) 

and relative number (p = 0.0315) of eosinophils in wt mice that harboured bladder tumour 

in comparison to the wt mice without bladder tumour (Figure 5.4F, H).  

Lastly, for circulating basophils, Cxcr2 flox mice showed a comparable number with wt 

mice, with or without the presence of bladder tumour (Figure 5.4I, K).  
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Figure 5.4. Effects of Cxcr2 deletion on systemic WBC at 20 weeks from the start of 
carcinogen treatment. Absolute number of monocytes, eosinophils and basophils in 
blood (cells/ml) (A, B, E, F, I, J) and relative number of monocytes, eosinophils and 
basophils (C, D, G, H, K, L). *p< 0.05 was considered significant (Mann-Whitney test).  
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5.2.5 Cxcr2 deletion resulted in impairment of neutrophil recruitment to the 
bladder tissue at 2 weeks of carcinogen treatment 
We have evaluated the infiltration of neutrophil in the urothelium, stroma and muscle of 

the bladder samples treated with OH-BBN for 2 weeks. The neutrophils were recognized 

based on their granular morphology and pinkish cytoplasm following H&E staining, as well 

as by IHC with three different markers that are known to be expressed by neutrophils, 

1A8, NIMP and S100A9 (Fig 5.5). 

We found a significantly reduced level of neutrophil infiltration in the bladder urothelium 

(p< 0.0001), stroma (p< 0.0001), and muscle (p= 0.0031) of Cxcr2 flox compared to wt 

(Figure 5.6A). 

A significant reduction of cells expressing 1A8 was also observed in the stroma (p= 

0.0043) and the muscle (p= 0.0455) (Figure 5.6B). The quantification of 1A8-positive cells 

in the urothelium was not performed due to high background staining.  

Similarly, Cxcr2 flox showed a significant reduction in the NIMP+ cells in the stroma (p= 

0.0159) and the muscle (p= 0.0159) compared to wt (Figure 5.6C). High background 

staining was observed in the urothelium, which led to the exclusion of the quantification of 

NIMP expression in this area.  

The number of cells expressing S100A9 was also significantly reduced in the urothelium 

(p= 0.0152), stroma (p= 0.0022) and muscle (p= 0.0455) in comparison to wt (Figure 

5.6D). 
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Figure 5.5. Neutrophil infiltration at 2 weeks. Representative images of H&E (A, B) and 
IHC staining for 1A8 (C, D), NIMP (E, F) and S100A9 (G, H) in wt and Cxcr2 flox samples. 
Black arrowheads indicate neutrophils in A&B, and positive cells in C-H (brown stained). 
Scale bar represents 50 μm.  
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Figure 5.6. Neutrophil infiltration in the bladder at 2 weeks. Neutrophils were 
quantified in the urothelium, stroma and muscle following H&E staining (A-C) and IHC 
using 1A8 (D, E), NIMP (F, G), S100A9 (H-K). Bladder samples were harvested at 2 
weeks after OH-BBN treatment. Significance asterisks: * = p<0.05, ** = p<0.01, Mann-
Whitney test.   
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5.2.6 Macrophage infiltration was decreased in Cxcr2 flox at 2 weeks 
LysM-Cre used in this study, to allow deletion of Cxcr2 in the myeloid cells, also target 

macrophages (Clausen et al., 1999). Therefore, we have next quantified the macrophage 

infiltration in the bladder at 2 weeks of OH-BBN treatment. IHC was performed with F4/80 

monoclonal antibody that is known to recognize macrophages (van der Beg and Kraal, 

2005) (Figure 5.7 A, B).  

A significant decrease in the number of macrophages was observed in the urothelium (p= 

0.0043) and stroma (p= 0.0043) of Cxcr2 flox compared to wt (Figure 5.7C, D). The 

number of macrophages was comparable in the muscle of Cxr2 flox and wt.  
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Figure 5.7. Macrophage infiltration at 2 weeks. Representative images of F4/80 IHC 
staining in wt (A) and Cxcr2 flox (B). Black arrowheads indicate positive cells (brown 
stained). Quantification of F4/80+ cells (cells/mm) in the urothelium (C), stroma (D) and 
muscle (E) in the bladder. Scale bar represents 50 μm in A & B. 
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5.2.7 T cell infiltration in the bladder at 2 weeks of OH-BBN treatment 
We hypothesized that the reduced levels of neutrophil and macrophage infiltration 

observed in Cxcr2 flox might influence T cell infiltration. Four markers for T cell 

populations were used; CD3 to detect the total T cell population, CD4 for T helper cells, 

CD8 for cytotoxic T-cells and FoxP3 for T regulatory cells (Figure 5.8A-H). We have also 

further evaluated the expression of Granzyme B, an important mediator for the cytotoxic 

effect of CD8+ T cells (Shresta et al., 1998) (Figure 5.8I, J).  

The infiltration of CD3+ T cells was comparable between Cxcr2 flox and wt in the 

urothelium and the muscle but significantly reduced in the stroma (p= 0.0041) (Figure 

5.9A).  

Cxcr2 flox showed significant reduction in the infiltration of CD4+ T cells in the urothelium 

(p= 0.0087) and in the stroma (p= 0.0173) (Figure 5.9B). However, the number of CD4+ T 

cells was comparable in the muscle in Cxcr2 flox and wt.  

The infiltration of CD8+ T-cells between Cxcr2 flox and wt was not statistically different 

(Figure 5.9C).  

Cxcr2 flox showed a significant decrease of Foxp3+ T-cells in the urothelium (p= 0.0025), 

stroma (p= 0.0025), and muscle (p= 0.0025) in comparison to wt (Figure 5.9D).  

The level of Granzyme B expression was significantly reduced in Cxcr2 flox compared to 

wt in the urothelium (p= 0.0476), stroma (p= 0.0195) and muscle (p= 0.0087) (Figure 

5.9M-O).  
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Figure 5.8. T cell infiltration at 2 weeks. Representative images of IHC staining for CD3 
(A, B), CD4 (C, D), CD8 (E, F), FoxP3 and Granzyme B (I, J) in wt and Cxcr2 flox 
samples. Black arrowheads indicate positive cells (brown stained). Scale bar represents 
50 μm.  
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Figure 5.9. T-cell infiltration at 2 weeks of OH-BBN treatment. Quantification of CD3+, 

(A-C), CD4+ (D-F), CD8+ (G-I), FoxP3+ (J-L) T-cells and Granzyme B expression (M-O) in 
the urothelium, stroma and muscle in the bladder at 2 weeks of OH-BBN treatment. 
Significance asterisks: * = p<0.05, ** = p<0.01, Mann-Whitney test.   
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5.2.8 Neutrophil recruitment at 12 weeks from the start of carcinogen 
treatment 
We next investigated the neutrophil infiltration after the carcinogen treatment.  

Bladder samples were harvested at 12 weeks, in which OH-BBN was ceased for 2 weeks 

after the 10 weeks of application. 

At this time point, the level of neutrophil infiltration in the urothelium, stroma and muscle 

were not significantly different between Cxcr2 flox and wt (Figure 5.10).  

  



 

 

135 

Figure 5.10. Neutrophil infiltration at 12 weeks from the start of carcinogen 
treatment. Presence of neutrophils in urothelium (A), stroma (B) and muscle (C) was 
quantified in H&E-stained tissue. No significant difference was observed between wt and 
Cxcr2 flox (Mann-Whitney test).  
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5.2.9 Changes in neutrophil infiltration at 16 weeks from the start of OH-BBN 
treatment 
We have evaluated the tissue neutrophil infiltrations at 16 weeks (10 weeks with OH-BBN 

+ 6 weeks with normal drinking water).  

At 16 weeks, all wt samples (n = 5) and some Cxcr2 flox samples (n =3/5) were non-

infiltrated with neutrophils (5.11A). However, two out of five Cxcr2 flox samples showed a 

high neutrophil density in the stroma (1160/mm2 and 370/mm2, Figure 5.11A). These two 

Cxcr2 flox samples were the samples observed with the presence of tumour in their 

bladder.  

Consistent with the H&E results, all five wt and three out of five Cxcr2 flox samples had 

none or very few cells that were positive for the four markers tested (Figure 5.11B-E). Two 

Cxcr2 flox samples with bladder tumour were found to have a higher number of 1A8+, 

NIMP+, MPO+ and S100A9+ in the stroma and muscle compared to the wt.  
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Figure 5.11. Neutrophil infiltration at 16 weeks from the start of carcinogen 
treatment. Quantification of neutrophils based on H&E staining (A), 1A8 (B), NIMP (C), 
MPO (E), and S100A9 (F) in the urothelium, stroma and muscle. No significant difference 
was observed between wt and Cxcr2 flox (Mann-Whitney test). 
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5.2.10 Cxcr2 flox bladders were highly infiltrated with macrophages at 16 
weeks 
We next quantified the macrophages in 16 weeks sample.  

Cxcr2 flox showed a significant increase in the macrophage infiltrations in the stroma (p= 

0.0286) and muscle (p= 0.0286) compared to wt (Figure 5.12).  

  



 

 

139 

 

Figure 5.12. Macrophage infiltration at 16 weeks from the start of carcinogen 
treatment. Quantification of F4/80+ cells (cells/mm) in the urothelium (C), stroma (D) and 
muscle (E). Statistical difference was evaluated using Mann-Whitney test with *p< 0.05 
was considered significant.  
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5.2.11 T-cell infiltration was not affected in Cxcr2 flox at 16 weeks  
We further quantified the immune cell infiltration at 16 weeks.  

The levels of CD3+, CD4+ and CD8+ T-cell infiltration in the stroma and muscle were 

comparable between Cxcr2 flox and wt samples (Figure 5.13A-C).  

Similarly, the expression of Granzyme B in the stroma and muscle of Cxcr2 flox was also 

at similar levels as wt samples (Figure 5.13D).  
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Figure 5.13. T-cell infiltration in samples taken at 16 weeks from the start of 
carcinogen treatment. Quantification of CD3+, (A-B), CD4+ (C, D), CD8+ (E, F), T-cells 
and Granzyme B expression (G-H) in the stroma and muscle. No significant difference 
was observed, Mann-Whitney test.  
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5.2.12 Neutrophil infiltration was increased in the tumour of Cxcr2 flox  
Based on the scoring of neutrophils based on morphological examination on H&E, the 

neutrophil infiltration was not statistically different between wt, Cxcr2 flox and Cxcr2 ko in 

the tumour (5.13A). However, when we examined the big tumour samples, it was 

observed that 33.3% of Cxcr2 flox (n= 3/9) and Cxcr2 ko (n= 1/3) showed a higher 

number of neutrophil infiltrations compared to the wt (Figure 5.14A).  

When samples with neutrophil infiltrated were analysed, Cxcr2 flox tumour showed an 

increase in neutrophil infiltrations compared to wt tumour (p= 0.029) (Figure 5.14B).  

We also evaluated the levels of neutrophil infiltration in the stroma adjacent to the tumour 

area. No significant differences were observed across wt, Cxcr2 flox and Cxcr2 ko 

samples, regardless of tumour size (Figure 5.14C). Similarly, the neutrophil infiltration was 

comparable between wt, Cxcr2 flox and Cxcr2 ko when neutrophil infiltrated stroma 

samples were analysed individually (Figure 5.14D). 
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Figure 5.14. Presence of neutrophils in tumour at 20 weeks from the start of 
carcinogen treatment. Neutrophil infiltration was quantified in tumour area following H&E 
staining (A-F). Samples were taken at 20 weeks from the start of OH-BBN induction. 
Mann-Whitney test was used to evaluate the statistical significance. *p<0.05 was 
considered significant.  

  

Neutrophil-infiltrated tumour

n = 11          11           4

n = 7/11 (63%)  5/11 (45%)  2/4 (50%)

*p= 0.029

All Big tumour

n = 6/11 (55%)  9/11 (81%)  3/4 (75%)

n = 2/6 (33%)  4/9 (44%)  1/3 (33%)

Small tumour

n = 5 /5 (100%) 1/2 (50%)  1/1 (100%)

A

B

n = 5/11 (45%)  2/11 (18%)  1/4 (25%)

n = 7             7            2

n = 5/7 (71%)   6/7 (86%)  2/2 (100%) n = 2/3 (67%)   4/5 (80%)  1/1 (100%) n = 3/4 (75%)  2/2 (100%)  1/1 (100%)

n = 3 /7 (43%)  5/7 (71%)  1/2 (50%) n = 4/7 (57%)  2/7 (29%)  1/2 (50%)

C

D
Neutrophil-infiltrated stroma

Stroma

Tumour

Neutrophils                                                             Male, 20 weeks                                       



 

 

144 
5.2.13 Discrepancy in neutrophil levels were observed when IHC markers 
were used 
We have also examined the levels of neutrophils using markers, including 1A8, NIMP, 

MPO and S100A9.  

In contrast to our observations using morphological examination by H&E, 1A8+ cells were 

significantly reduced in the tumour area of Cxcr2 flox compared to that of wt (p = 0.0385, 

Figure 5.15A).  

A mild decrease in the number of NIMP+, MPO+ and S100A9+ cells was observed in the 

tumour area of Cxcr2 flox tumour in comparison to that of wt (Figure 5.15B-D).  
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Figure 5.15. Expression of neutrophil markers in the tumour area. Quantification of 
1A8+ (A) NIMP+ (B), MPO+ (C), and S100A9+ (D) cells in tumour area.  
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5.2.14 A low level of macrophage infiltration in the bladder tumour 
We have examined the macrophage infiltration in tumour samples by IHC with F4/80 

antibody.  

Only a few macrophages were observed in most of the tumour samples in wt and Cxcr2 

flox (Figure 5.16). The mean density (cell /mm2) was 98 ± 160 /mm2 for wt tumour sample, 

and 65 ± 121 /mm2 for Cxcr2 flox tumour sample. 
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Figure 5.16. Presence of macrophages in the tumour area. Macrophages infiltration 
was quantified in the tumour area based on the expression of F4/80 IHC. Samples were 
taken at 20 weeks from the start of OH-BBN induction.  
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5.2.15 Cxcr2 flox tumours were more T-cell infiltrated  
To determine whether the influx of neutrophils in the tumour has any influence on 

adaptive immune cells, we analysed the changes in the T-cell infiltration and the 

expression of Granzyme B.  

A significant increase in CD3+ T-cell infiltration was observed in Cxcr2 flox compared to wt 

(p= 0.0041, Figure 5.17A). The mean density (cells/mm2) of CD3+ T-cell in Cxcr2 flox big 

tumour samples was higher compared to corresponding wt (536 ± 345 /mm2, 251 ± 186 

/mm2, respectively). 

However, the level of CD4+, CD8+ and FoxP3+ T-cell infiltrations in the tumour area was 

comparable between Cxcr2 flox and wt (Figure 5.17B-D).  

The level of expression of Granzyme B in the tumour area of Cxcr2 flox samples was 

variable (Figure 5.17E). 
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Figure 5.17. T-cell infiltration in the tumour. Presence of CD3+, (A), CD4+ (B), CD8+ (C), 
FoxP3+ (D) T-cells and Granzyme B expression (E) in tumour area were quantified.  
Statistical analysis was performed using Mann-Whitney test. *<p=0.05 was considered 
significant.  
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5.3 Discussion 

5.3.1 Summary of results 
Our results showed that: 

1) Cxcr2 deletion affected infiltration of neutrophils, macrophages and T cells into the 

bladder tissue, but not in the blood circulation at 2 weeks (Figure 5.1, 5.6, 5.7 and 5.9). 

2) By H&E, an increase of neutrophils, but not of monocytes, were observed in the tumour 

area of Cxcr2 flox comparing to wt (Figure 5.14 and 5.16). There was a discrepancy in the 

levels of neutrophils identified by morphology and by markers, observed in the tumours at 

20 weeks (Figure 5.14 and 5.15). This discrepancy was not observed at 2 weeks and 16 

weeks samples (Figure 5.6 and 5.11). 

3) The level of tumour-infiltrating CD3+ was significantly increased in Cxcr2 flox compared 

to wt (Figure 5.17). 

4) A transient increase in the level of macrophages in circulation and the bladder was 

observed in Cxcr2 flox comparing to wt at 16 weeks (Figure 5.2 and 5.12).  

5.3.2 Acute inflammatory response was suppressed in Cxcr2 flox 
Consistent with the known role of Cxcr2 as a chemotactic factor for myeloid cells, the 

suppression of neutrophil and macrophage recruitment was observed in the bladder in the 

absence of Cxcr2 at 2 weeks of carcinogen treatment.  

Previous studies have shown that neutrophils are important in guiding the Tcells to the 

inflammatory sites (Suttmann et al., 2006; Lim et al., 2015). Thus, the significant decrease 

in T cells was likely to be caused by the reduced level of neutrophils and not by the direct 

effect of the lack of Cxcr2 function. 

5.3.3 Cxcr2 flox tumour was infiltrated with neutrophils and CD3+ T-cells 
Tumour could alter its microenvironment to recruit more neutrophils that are pro-tumour 

(Eruslanov et al., 2014). These tumour-infiltrating neutrophils could influence the 

infiltration of other leukocytes that could contribute to tumour progression and metastasis 

(Coffelt et al., 2015; Eruslanov et al., 2014). Neutrophils in the early stage of lung cancer 

possess anti-tumour properties with a high level of pro-inflammatory factors including 

TNF- α and high level of cytotoxic reactive oxygen species (Mishalian et al., 2013). In 

contrast, neutrophils in advanced tumour downregulated these factors and induced 

suppressive T regulatory recruitment, hence favour tumour progression (Mishalian et al., 

2013; Mishalian et al., 2014).  
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5.3.4 Discrepancy in the levels of neutrophils identified by markers and by 
morphology in tumour  
In general, tumour-infiltrating neutrophils were shown to have low expression of granule 

proteins (primary, secondary, tertiary) and low respiratory burst (peroxidase) (Fridlender et 

al., 2012b; Shaul et al., 2016).   

However, several tumour-infiltrating neutrophils subsets expressing different types of 

surface markers have been recently reported (Rosales, 2018; Silvestre-Roig et al., 2016; 

Yang et al., 2017). The transcriptional activation and expression levels of the surface 

molecules greatly influenced the functions of different phenotypes of tumour-infiltrating 

neutrophils (Eruslanov et al., 2014; Yang et al., 2017).  

The consistency in the number of neutrophils identified morphologically and identified 

based on the expression of neutrophil markers in 2 weeks and 16 weeks samples 

supported our IHC and scoring as a methodology.  

There is a possibility that the neutrophils recognised based on the morphology following 

H&E staining could also be eosinophils, as these cells are known to share almost identical 

morphology with neutrophils. However, our blood analysis showed a minimal number of 

eosinophils present in circulation (0.1867 ± 0.1442 /ml or 1.468 ± 1.468 % relative to the 

whole WBC). It is best to further confirm the presence of the eosinophil population at 

tissue level using IHC with eosinophil marker such as Siglec F (Finisguerra et al., 2015) in 

the future.  

Overall, I hypothesise that the expression of common neutrophil markers was reduced in 

tumour-infiltrating neutrophils in the Cxcr2 flox tumours; thus, phenotypically different from 

Cxcr2 dependent (wt) neutrophils.  

5.3.5. Transient increase in macrophage infiltration at 16 weeks in Cxcr2 flox 
Macrophages could lead to the trafficking of neutrophils (Mosser & Edwards, 2008; 

Schiwon et al., 2014). Tumour cells can alter circulating monocytes to favour their 

progression (Cassetta et al., 2019). The increase in this distinct population of 

macrophages was associated with poor prognosis in breast cancer patients (Casetta et 

al., 2019).  

I hypothesise that the increase of macrophages observed may be a part of the 

compensatory signalling in regulating the levels of neutrophils in the tumour in the 

absence of Cxcr2 (discussed in Chapter 8 in more depth).  
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5.4 Limitation 
We have tried to phenotype the neutrophil population in Cxcr2 flox tumour by flow 

cytometry. However, this was unsuccessful. We have encountered challenges in digesting 

and dissociating the bladder tissues into a single cell. The minimum number of cells 

needed to perform the flow cytometry analysis was never obtained.   

One of the factors that could lead to the low of viability cells include the harmful enzymatic 

process during the digestion and dissociation steps for the flow cytometry analysis. We 

have used Collagenase IV (1mg/ml) and Dnase I (100 µg/ml) for 30 min incubation time to 

digest the cells. This might be too harsh and affect the cell membrane surface which then 

lead to spontaneous cell death. Unfortunately, we have limited number of tumour sample 

number thus further optimisation on the enzyme used and the timing for the enzyme 

digestion could not be performed. 

5.5 Future works 
A better strategy in phenotyping the tumour-infiltrating neutrophils in Cxcr2 flox could be 

performed using multiplex immunohistochemistry. This technique will allow the 

quantification of simultaneous cellular and sub-cellular level of proteins interest within the 

same FFPE tissue section (Tsujikawa et al., 2017). 

We should address whether the increase in the macrophage populations observed at 16 

weeks has led to the recruitment of neutrophils in Cxcr2 flox in the tumour at 20 weeks. 

Profiling the macrophages using multiplex immunohistochemistry for simultaneous 

identification of multiple monocytes/macrophages surface markers such as Ly6C and 

CCR2 will be useful in identifying the phenotypical changes.  

Given that gamma delta T-cells could also express CD3 expression, it is likely that a 

portion of CD3+ T-cells in the tumour area of Cxcr2 flox could also be positive for gamma 

delta T-cells (Sjödahl et al., 2012). RNAscope (ACDBio) or flow cytometry analysis may 

be used to detect gamma delta T-cells, gated based on CD45+CD3+ TCR γδ+ (Daley et 

al., 2008; Takeuchi et al., 2011). 
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Chapter 6 

Transcriptional changes in the absence of 
Cxcr2 in the bladder 
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6.1.1 Hypotheses 
1) At 2 weeks of OH-BBN treatment, the loss of Cxcr2 expression in the bone marrow 

may alter the level of gene expression associated with inflammatory response and 

migration of immune cells.  

2) In contrast to 2 weeks, at 20 weeks from the first administration of OH-BBN treatment, 

the tumour may alter its microenvironment by altering the signalling associated with 

chronic inflammation and immune suppression to advocate their growth and development. 

6.1.2 Aim & Objectives 
This chapter aimed to characterise the expression of genes that may have influenced the 

status of immune cell infiltrations in the acutely inflamed bladder (2 weeks) and bladder 

tumours (20 weeks), in the presence and the absence of Cxcr2.  

The specific objectives were: 

1) To evaluate the changes in the expression level of genes at 2 weeks of carcinogen 

treatment in wt and Cxcr2 flox.  

2) To compare the level of gene expression in Cxcr2 flox tumour samples with and without 

neutrophil infiltration. 

3) To compare the expression of genes at acute inflammation and later stages of bladder 

tumorigenesis. 

4) To validate the changes in the expression of selected genes observed in RNA array 

using qRT-PCR 

5) To examine whether pattern of gene expression correlated with a high infiltration of 

tumour-infiltrating neutrophils and T-cells observed in Cxcr2 flox tumours, indicating 

immunosuppression.  

6) To determine the possible regulator(s) that could be associated with the increase of 

tumour-infiltrating neutrophils in the absence of Cxcr2. 
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6.2 Results 
In this chapter, we have investigated the expression of genes previously known to be 

associated with cancer inflammation and immunity crosstalk by RNA array. The array 

contained 84 genes (Methods). Genes that showed ≥ 2-fold differences (log2 ≥1 or ≤-1) 

and with standard deviation ≤1 between the biological replicates were considered. The 

expression of specific genes from the array was further evaluated using TaqMan Assay-

based qRT-PCR.  

6.2.1 Sample selection for RNA analysis at 2 weeks of carcinogen treatment 
In order to characterise the gene expression at the acute inflammation stage, 2 bladder 

samples each from wt and Cxcr2 flox taken at 2 weeks from the start of carcinogen 

treatment were selected. The criteria for the selection were the inflammation status 

indicated by the thickness of the stroma, level of angiogenesis in the stroma and level of 

neutrophil infiltration in the urothelium, the stroma and the muscle (Table 6.1).  

The expression for each of the 84 genes was compared to the housekeeping gene 

(Hsp90). The formula used was:  

Relative expression= 2^ (-Δ Ct value) 

*Where Δ Ct value= Ct value of the gene – ct value of housekeeping gene (Hsp90). 

The mean of relative expression for each gene in Cxcr2 flox and wt samples were 

compared. 
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Table 6.1. Sample selection for RNA array analysis at 2 weeks of OH-BBN treatment. Two biological replicates, each from wt and Cxcr2 flox, were 
used to investigate the expression levels of genes related to inflammation and immunity using the RNA array (Qiagen, Germany).  

Cohort Sample ID Stroma 
thickness 

Angiogenesis in 
the inner stroma 

Angiogenesis in 
the outer stroma 

Neutrophil 
infiltration in the 
urothelium  

Neutrophil 
infiltration in the 
stroma  

Neutrophil 
infiltration in 
the muscle  

Wt BBN 11-13 Very 
thickened 

Mild increased Notable 
increased 

Non-infiltrated  Highly infiltrated  Non-infiltrated  

Wt BBN 11-17 Very 
thickened 

Mild increased Notable 
increased 

Non-infiltrated  Highly infiltrated  Less infiltrated 
(22/mm2) 

Cxcr2 
flox 

ILYCX 39 Thickened Mild increased Notable 
increased 

Non-infiltrated  Less infiltrated  Less infiltrated 
(22/mm2) 

Cxcr2 
flox 

ILYCX 41 Thickened Notable 
increased 

Notable 
increased 

Non-infiltrated  Less infiltrated  Non-infiltrated  
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6.2.2 Expression of immune and inflammatory genes at 2 weeks of OH-BBN 
treatment 
We first analysed the expression of genes categorised as "the immune & inflammatory 

responses" according to the RNA array. The genes were further classified into; 1) 

immunostimulatory factors, 2) immunosuppressive factors, 3) pro-inflammatory genes, 4) 

anti-inflammatory genes and 5) enzymatic modulators of inflammation & immunity.  

Cxcr2 flox showed altered gene expression of Ido1, Il13 and 1l5 compared to wt (Figure 

6.1).  

Ido1 is a catabolic enzyme that also acts as a signal transducer (Chen, 2011). In human, 

IDO1 was associated with immunosuppression of T cell activities (Stromness et al., 2014). 

Ido1 was upregulated in Cxcr2 flox by 3.03-log2 fold, comparing to wt (Figure 6.1B).  

Il13 and Il5 genes are immunosuppressive factors associated with inhibition of monokine 

production and an increase in inflammation (Quail et al., 2017; Zhang and An, 2007). The 

expression of Il13 and Il5 were upregulated by 2.02 and 1.57 log2 fold, respectively, in 

Cxcr2 flox compared to wt (Figure 6.1B).  
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Figure 6.1. Expression of immune and inflammatory genes at 2 weeks. The relative 
expression of each gene was compared to the housekeeping gene (Hsp90) and 
presented in log2 fold. Two wt samples and two Cxcr2 flox bladder samples were used. 
Red box indicates the gene altered in Cxcr2 flox compared to wt.  

  

RNA array (Cxcr2 flox vs wt)
Immune & inflammatory responses

Immunostimulatory factors Immunosuppressive Factors

Pro-inflammatory Genes

Enzymatic Modulators of 
Inflammation & Immunity

Anti-inflammatory Genes

Antigen Presentation

2 weeks

A B

C D

E F



 

 

159 
6.2.3 Expression of chemokine signalling genes at 2 weeks  
We next examined the expression of genes categorised as chemokines, interleukins, 

growth factors and their receptors.  

Most of the genes (47 out of 55) showed a comparable level of expression in Cxcr2 flox 

and wt (Figure 6.2).  

Cxcr2 expression in Cxcr2 flox was downregulated, as expected from the fact that the 

model lacked Cxcr2 expression in the myeloid lineage (Figure 6.2C). Cxcl1 is one of the 

ligands for Cxcr2. The expression of Cxcl1 was upregulated by 2.51-fold in Cxcr2 flox 

compared to wt (Figure 6.2A).  

Ilr1 is an interleukin receptor. The expression of Ilr1 was downregulated by 1.01 log2 fold, 

in Cxcr2 flox compared to wt (Figure 6.2C). Il10 is interleukin produce by T-regulatory and 

T-helper cells (Denis et al., 2013). Il10 expression was downregulated by 1.01 log2 fold in 

Cxcr2 flox in comparison to wt (Figure 6.2B).  

We have also observed a downregulation by 4 log2 fold in the expression of Egf in Cxcr2 

flox when compared to wt (Figure 6.2E).  
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Figure 6.2. Chemokines, interleukins and growth factor profile at 2 weeks after 
carcinogen treatment. Relative expression to the housekeeping gene (Hsp90) for each 
gene as determined using RNA array. Data presented in log2 fold and for each individual 
mouse.  
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6.2.4 Expression of signal transduction genes at 2 weeks  

Next, we analysed the expression of the genes related to signal transduction. These 

genes were further classified into; 1) interferon signalling, 2) interferon-responsive genes, 

3) NFKB targets, 4) Stat targets, 5) toll-like receptor signalling and 6) transcription factors.  

Tlr3 is a gene involved in interferon response and toll-like receptor signalling. The 

expression of Tlr3 was the only one observed to be altered in Cxcr2 flox with an 

upregulation by 1.51-log2 fold compared to wt (Figure 6.3).  
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Figure 6.3. Expression of signal transduction genes at 2 weeks after OH-BBN 
treatment. The log2 fold in the gene expression as relative to housekeeping gene 
(Hsp90). 
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6.2.5 Expression of apoptosis-related genes at 2 weeks 
We have further characterised the effects of Cxcr2 deletion at 2 weeks of carcinogen 

treatment by analysing apoptosis-related genes.  

The alteration in the expression of apoptotic molecules could be associated with the DNA 

damage induced by OH-BBN treatment. However, no notable changes were observed in 

the expression of pro-apoptosis and anti-apoptotic molecules in Cxcr2 flox compared to wt 

(Figure 6.4).  
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Figure 6.4. Changes in the apoptosis-related genes at 2 weeks of treatment with 
OH-BBN.  
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6.2.6 Summary of altered gene expression at 2 weeks of OH-BBN treatment 
The most altered genes were listed based on the genes that showed ≥ 2-fold differences 

(log2 ≥1 or ≤-1) and with standard deviation ≤1 between the biological replicates (Table 

6.2).  

The most upregulated gene in Cxcr2 flox compared to wt was Ido1 by 3.03-log2 fold 

(Table 6.2). The expression of one of Cxcr2’s dominant ligands, Cxcl1, was upregulated in 

Cxcr2 flox compared to wt by 2.51-log2 fold. Two interleukin genes, Il13 and Il5, also 

showed an upregulation by 2.02 and 1.57-log2 fold, respectively. The gene involved in 

neutrophil recruitment, Tlr3, was also upregulated by 1.51-log2 fold.  

Egf expression was the most downregulated gene in Cxcr2 flox bladder in comparison to 

wt (log2 fold= -4) (Table 6.2). The expression of Cxcr2 was downregulated, as expected, 

in Cxcr2 flox in comparison to wt (log2 fold= -1.49). One interleukin and interleukin 

receptor, Il10 and Il1r1, respectively, showed downregulation by 1.01-log2 fold. 
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Table 6.2. Characteristics of the alterations in gene expression comparing Cxcr2 flox with wt bladders at 2 weeks of OH-BBN treatment. Fold 
changes was calculated based on 2^-ΔΔCt method and presented as log2 value with the mean of endogenous control samples set to 0. ¯ indicates 
downregulation and ­ upregulation. Two biological samples were used for each cohort.  

Gene Biological function Wt Cxcr2 flox Fold difference 
(Cxcr2 flox vs wt)  

Functional relevance 

Ido1 Immunosuppressive factor, 
enzymatic modulator of 
inflammation & immunity 

-6.53 ± 0.70 -3.50 ± 0.70 ­ 3.03 Immune-suppressive (Zou, 2005) 

Cxcl1 Chemokine -12.50 ± 0.71 -9.99 ± 1.41 ­ 2.51 Pro-angiogenic, neutrophils chemoattractant 
(Roth and Hebert, 2001) 

Il13 Interleukin -12.53 ± 0.69 -10.51 ± 0.70 ­ 2.02 Th2 cytokine, B cell proliferation, inhibition of 
monokine production (Berger, 2000; Zhang 
and An, 2007) 

Il5 Interleukin -13.57 ± 0.69 -12.00 ± 0.00 ­ 1.57 Th2 cytokine, eosinophil function (Berger; 
2000; Zhang and An, 2007) 

Tlr3 Toll-like receptor signalling -6.00 ± 0.01 -4.49 ± 0.71 ­ 1.51 Neutrophils recruitment (Liu et al., 2016) 
Egf Growth factors & receptors -8.01 ± 2.83 -12.00 ± 0.01 ¯ 4.00 Bladder cancer cell proliferation (Izumi et al., 

2012) 
Cxcr2 Chemokine receptor -7.99 ± 0.01 -9.49 ± 0.71 ¯ 1.49 Neutrophil recruitment (Roth and Hebert, 2001) 
Il 10 Interleukin -12.52 ±  0.71 -13.53 ± 0.69 ¯ 1.01 Anti-inflammatory (Turner et al., 2014) 
Il1r1 Interleukin receptor -6.00 ± 0.00 -7.00 ± 0.01 ¯ 1.01 Pro-inflammatory (Turner et al., 2014) 
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6.2.7 Evaluation of the changes in the gene expression by qRT-PCR 

We have further evaluated the expression of selected genes from the RNA array analysis 

using TaqMan quantitative real-time PCR analysis. Four OH-BBN-treated bladder 

samples, each from wt and Cxcr2 flox mice, were used. Two out of four of these samples 

were the RNA samples used in RNA array analysis. Non-OH-BBN treated samples 

(untreated) (n=3 each from wt and Cxcr2 flox) were also included to compare the basal 

expression of the selected genes in Cxcr2 flox and wt. We have used Gapdh as the 

housekeeping gene to be normalized the results from qRT-PCR. For the RNA array, there 

was a greater variation in the Ct value of Gapdh between the biological replicates of the 

same cohort. Hsp90 was used to normalize RNA array data, as it showed more consistent 

Ct value.  

Four genes were selected for the TaqMan qRT-PCR analysis. Two of the genes selected 

were the most altered gene expression associated with immunosuppression (Ido1), 

growth factors (Egf). Two other genes, Spp1 and Nos2, were selected because of the 

high variation between the two biological samples of wt and Cxcr2 flox, respectively, used 

in the RNA array analysis.  

The Egf expression detected using TaqMan qRT-PCR showed a downregulation by 3.1-

log2 fold in Cxcr2 flox compared to wt, which was relatively similar to the fold change 

observed in the RNA array analysis (4-log2 fold) (Figure 6.5).  

The expression of Spp1, Ido1 and Nos2 were at a comparable level in OH-BBN-treated 

Cxcr2 flox and wt bladder samples.  

We have also compared the expression between untreated samples of Cxcr2 flox and wt. 

Generally, the expression of Egf, Spp1, Ido1 and Nos2 was comparable between the 

untreated Cxcr2 flox and untreated wt (Figure 6.5). 
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Figure 6.5. Expression of Egf, Spp1, Ido1 and Nos2 at 2 weeks. Total RNA from 
bladder tissue taken at 2 weeks from the start of OH-BBN was used to evaluate the 
expression of Egf, Spp1, Ido1 and Nos2 using TaqMan qRT-PCR. Untreated samples 
were the bladder samples without any OH-BBN treatment. Number of samples used is as 
indicated below the graph. 
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6.2.8 Summary of the level of gene expression at 2 weeks of OH-BBN 

treatment using RNA array and TaqMan qRT-PCR  

In summary, only the expression of Egf analysed using TaqMan qRT-PCR was consistent 

with the RNA analysis dataset (Table 6.3). The expression of Ido1 showed 

downregulation in RNA array analysis, but this was not seen in TaqMan qRT-PCR 

analysis. Similarly, the high variation of Spp1 and Nos2 expression between the two 

biological samples observed in RNA array analysis was not observed in TaqMan qRT-

PCR analysis. 
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Table 6.3. Differences in the relative expressions of selected genes between RNA array and TaqMan qRT-PCR analysis. ¯ indicates 
downregulation and ­ upregulation.  

Gene RNA array TaqMan qRT-PCR 
Wt Cxcr2 flox Fold difference 

(log2) (Cxcr2 flox 
vs wt) 

Wt Cxcr2 flox Fold difference 
(log2) (Cxcr2 flox 

vs wt) 
Egf -8.01 ± 2.83 -12.00 ± 0.01 ¯ 4.00 -8.41± 2.19 -11.51 ± 1.18 ¯ 3.1 
Ido1 -6.53 ± 0.70 -3.50 ± 0.70 ­ 3.03 -7.65 ± 0.59 -7.87 ± 1.70 ¯ 0.22 
Spp1 -9.56 ± 3.61 -5.01 ± 1.40 ­ 4.55 -9.60 ± 0.78 -9.26 ± 0.08 ­ 0.34 
Nos2 -7.01 ± 1.43 -8.01 ± 5.67 ¯ 1.00 -12.93 ± 1.20 -13.00 ± 0.82 ¯ 0.07 
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6.2.9 Sample selection for RNA analysis at 20 weeks 

The tumour samples taken at 20 weeks from the start of OH-BBN treatment were used to 

evaluate the changes in the expression of genes associated with inflammation and 

immunity. The characteristics of the tumour samples used to select the sample for RNA 

array analysis were the size of the tumour, invasiveness and the level of neutrophil 

infiltration in the tumour (Table 6.4). For Cxcr2 flox, one non-neutrophil infiltrated and one 

neutrophil infiltrated tumour were used in order to evaluate the effect of neutrophil 

infiltration in the tumour area. The two wt tumour samples were both non-neutrophil 

infiltrated.  

The double delta Ct (∆∆Ct) analysis was used to calculate the fold change of the mean 

values in each experimental condition. The formula used was different from the one used 

in the analysis of the 2 weeks sample.  

The formula used for the analysis of RNA in the tumour was as below: 

Fold change = 2^(-∆∆Ct) 

*Where ∆Ct = Ct gene test – Ct housekeeping gene (Hsp90) 

   and ∆∆Ct = ∆Ct Cxcr2 flox – ∆Ct wt 
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Table 6.4. Sample selection for RNA array analysis at 20 weeks from the start of OH-
BBN treatment. Two biological replicates tumour from wt and Cxcr2 flox were used for 
the RNA array analysis. Criteria for sample selection were based on tumour size, 
invasiveness and squamous transformation of urothelial and tumour cells, and level of 
neutrophil infiltration in the tumour area.  

Cohort 

 

Sample ID Tumour size Invasiveness  Neutrophil infiltration in 
the tumour (number of 
cells/tissue area) 

Wt BBN 12-26 Small tumour Stroma invasion Non-infiltrated  
Wt BBN 12-57 Big tumour Stroma invasion Non-infiltrated 
Cxcr2 flox NLA 14.1C Small tumour Stroma invasion Non-infiltrated  
Cxcr2 flox NLA 14.1E Small tumour Muscle invasion Highly infiltrated (520/mm2) 
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6.2.10 Expression of immune & inflammatory genes at 20 weeks 

Among the immunostimulatory factors, neutrophil infiltrated Cxcr2 flox tumour sample 

showed downregulation of Ifng, Il12b and Tnf compared to non-neutrophil infiltrated Cxcr2 

flox tumour (Figure 6.6A).  

Among the immunosuppressive factors, Ctla4 expression was downregulated in the 

neutrophil infiltrated Cxcr2 flox tumour by 8.4 log2-fold compared to non-neutrophil 

infiltrated Cxcr2 flox (Figure 6.6B). Other immunosuppressive factors that showed ≥ 2-fold 

change in neutrophil infiltrated Cxcr2 flox tumour in comparison to non-neutrophil 

infiltrated Cxcr2 flox tumour were Ido1, Il10, Il13, Pd-1 and Ptgs2 (Cox2).  

Neutrophil infiltrated Cxcr2 flox tumour sample also showed downregulation that produced 

≤-2-fold change in 15 out of 16 pro-inflammatory cytokines compared to wt non-neutrophil 

infiltrated samples (Figure 6.6D).  

Out of 4 anti-inflammatory cytokines assayed, two showed downregulation (Il10 and Il13) 

while another two (Il4 and Tgfb1) showed comparable expression in neutrophil infiltrated 

Cxcr2 flox tumour and non-neutrophil infiltrated Cxcr2 flox tumour.  

Gzmb is an intracellular protease release by the cytotoxic T-cells to induce apoptosis in 

cancer cells (Shresta et al., 1998). The analysis on the expression of the enzymatic 

modulator of inflammation and immunity showed that the expression of Gzmb was 

upregulated in neutrophil infiltrated Cxcr2 flox tumour by log2 fold= -4 compared to non-

neutrophil infiltrated Cxcr2 flox tumour (Figure 6.6E). 

The expression of antigen presentation- associated genes, H2-D1 and H2-K1, was 

comparable between neutrophil infiltrated Cxcr2 flox tumour and non-neutrophil infiltrated 

Cxcr2 flox tumour. 
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Figure 6.6. Expression of Immune and inflammatory cytokine genes in tumour 

bladder samples. Each circle/square represent data from each individual mouse. The 

fold change is presented in log2 unit.  
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6.2.11 Expression of chemokine signalling genes at 20 weeks 

Most of the genes were expressed at a comparable level in non-neutrophil infiltrated wt 

and non-neutrophil infiltrated Cxcr2 flox (Figure 6.7).  

In contrast, 36 out of 54 genes analysed showed a downregulation in neutrophil infiltrated 

Cxcr2 flox tumour in comparison to the non-neutrophil infiltrated wt tumour (Figure 6.7).  

A distinct difference was observed in the gene expression between neutrophil infiltrated, 

and non-neutrophil infiltrated Cxcr2 flox tumour. Several genes including Ccl2, Cxcl5, 

CCr7, Cxcr4, CCl2 and Egf showed downregulation, while an upregulation was observed 

in Cxcl12 and Mif (Figure 6.7).  

The expression of Cxcr2 in non-neutrophil infiltrated Cxcr2 flox tumour was at a 

comparable level to the non-neutrophil infiltrated wt tumour (log2 fold=-0.02., Figure 

6.7C). In contrast, the expression was downregulated to -1.99 log2 folds in neutrophil 

infiltrated Cxcr2 flox tumour compared to non-neutrophil infiltrated wt tumour.  
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Figure 6.7. Gene expression for chemokines, interleukins, growth factors and their 
receptors.   
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6.2.12 Expression of signal transduction genes at 20 weeks 

Generally, the expression of the genes involved in the signal transduction was 

comparable between non-infiltrated Cxcr2 flox tumour and non-infiltrated wt tumour 

(Figure 6.8).  

In contrast, most of the genes were downregulated by at least ≤-2-fold change in 

neutrophil infiltrated Cxcr2 flox tumour compared to non-neutrophil infiltrated Cxcr2 flox 

and also non-neutrophil infiltrated wt tumour.  

One of the most downregulated genes in neutrophil infiltrated Cxcr2 flox tumour include 

Myd88, which is an interferon-responsive gene and for toll-like receptor signalling (log2 

fold =5.05, Figure 6.8B). Downregulation was also observed in genes for NfKb and Stat 

targets, Csf3 and Il6 by 6.03 and 5.05-log2 fold, respectively (Figure 6.8C, D).  
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Figure 6.8. Expression of genes related to signal transduction. The genes were 
subcategorized as; interferon signalling (A), interferon-responsive (B), NfKb targets (C), 
Stat targets (D), toll-like receptor signalling (E) and transcription factors (F).   
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6.2.13 Expression of apoptosis genes at 20 weeks 

A downregulation of pro-apoptotic genes Fasl, Tnf and Trp53 by 5.12, 5.01 and 5.02-log2 

fold, respectively, was observed in neutrophil infiltrated Cxcr2 flox tumour compared to 

non-neutrophil infiltrated CXCR2 flox tumour (Figure 6.9A).  

Downregulation in the expression of the anti-apoptotic gene, Bcl2l1 (Bcl-XL), by 5.03-log2 

fold was also observed in neutrophil infiltrated Cxcr2 flox tumour compared to non-

neutrophil infiltrated Cxcr2 flox tumour (Figure 6.9B). In contrast, the expression of the 

other two anti-apoptotic genes, Bcl2 and Stat3 was upregulated by 3.99-log2 and 2.95-

log2 fold, respectively, in neutrophil infiltrated Cxcr2 flox tumour in comparison to non-

neutrophil infiltrated Cxcr2 flox tumour.  
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Figure 6.9. Expression of apoptosis-associated genes. The genes were subclassified 
as pro-apoptotic (A) and anti-apoptotic (B).  
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6.2.14 Summary of the most altered genes at 20 weeks 

The expression of Cxcr2 and its ligand, Cxl5, was downregulated in neutrophil infiltrated 

Cxcr2 flox tumour (log2 fold= -2, -2.06, respectively) but not in non-neutrophil infiltrated 

Cxcr2 flox tumour (Table 6.5).  

Downregulation of immunosuppressive genes including Ctla4, Pdcd1 (PD-1) and its 

ligand, Cd274 (Pd-l1) was observed in Cxcr2 flox neutrophil infiltrated tumour in 

comparison to non-neutrophil infiltrated Cxcr2 flox and wt tumours (Table 6.5).  

The expression of chemokines and chemokine receptor including Ccl28 (log2 fold = -

7.04), Ccl2 (log2 fold = 6.02), Ccl20 (log2 fold = 6.02), and Ccr9 (log2 fold= 6.05) were 

also found to be among the most downregulated gene expression in neutrophil infiltrated 

Cxcr2 flox compared to non-neutrophil infiltrated Cxcr2 flox tumour (Table 6.5).  

The neutrophil-infiltrated Cxcr2 flox tumour also showed downregulated expression of Tlr 

7 (log2 fold=-7.06) and pro-inflammatory gene, Il6 (log2 fold= -5.05) (Table 6.5).  

Csf3 is also known as granulocyte-colony stimulating factor (G-CSF) and is required in the 

induction of neutrophil recruitment via the STAT3 pathway (Nguyen-Jackson et al., 2010). 

We observed a downregulation in the expression of Csf3 (log2 fold = -6.03) (Table 6.5) in 

neutrophil infiltrated Cxcr2 flox tumour compared to non-neutrophil infiltrated Cxcr2 flox 

tumour. However, the expression of Stat 3 was upregulated of Stat3 (log2 fold = 2.95) 

along with Stat 1 (log2 fold= 2) (Table 6.6). 

The expression of Gzmb was observed as the most upregulated gene expression in 

neutrophil infiltrated Cxcr2 flox tumour compared to non-neutrophil infiltrated Cxcr2 flox 

tumour and wt tumour (Table 6.6).  

Other two genes that showed an upregulation in neutrophil infiltrated Cxcr2 flox tumour 

include pro-apoptotic gene, Bcl2 (log2 fold = 3.99) and immunosuppressive factor, Mif 

(log2 fold = 2.02) (Table 6.6). 

 

 



 

 

182 
Table 6.5. Tumour-infiltrating neutrophils associated with the downregulation of genes linked with cancer and inflammation in Cxcr2 flox. The 
expression of genes expressed in non-and neutrophil infiltrated Cxcr2 flox tumour (n=1 each) was compared to non-neutrophil infiltrated wt tumour 
(n=2). Fold changes was calculated based on 2^-ΔΔCt method and presented as log2 value with the mean of endogenous control samples set to 0. 
Their function as related to immune cells in cancer development and progression context was as listed in the last column. ¯ means downregulation and 
­ upregulation.  

Gene Biological function Log2 fold (non-
neutrophil infiltrated 
Cxcr2 flox vs wt) 

Log2 fold (neutrophil 
infiltrated Cxcr2 flox vs 
wt) 

Differences 
in Log2 fold 

Function 

Ctla4 Immunosuppressive 
factor  

0.49 ± 0.79  -7.55 ± 0.72  ¯ 8.04 Immune-suppressive (Zou, 2005). 

Tlr7 Toll-like receptor 
signalling 

0.51 ± 0.73  -6.55 ± 0.73  ¯ 7.06 Induce protective immune 
responses (Cheadle et al., 2017). 

Ccl28 Chemokine 0.50 ± 0.69  -6.54 ± 0.69  ¯ 7.04 Chemoattractant for both CD4+ 
and CD8+ T cells (Wang et al., 
2000). 

Ccr9 Chemokine receptor 1.49 ± 0.69 -4.55 ± 0.69 ¯ 6.05 T-cells development and tissue-
specific homing (Tu et al., 2016). 

Csf3 Growth factor -0.51 ± 0.73  -6.53 ± 0.73 ¯ 6.03 Production and activation of 
monocyte (Turner et al., 2014). 

Ccl2  Chemokine 2.50 ± 0.72 -3.53 ± 0.72 ¯ 6.02 Tumour-derived chemotactic 
factor for monocyte (Yoshimura, 
2018). 

Ccl20 Chemokine 1.50 ± 0.70 -4.52 ± 0.72 ¯ 6.02 Promotes tumour growth and 
metastasis through tumour-
associated macrophages (TAM) 
(Samaniego et al., 2018). 

Il6 Interleukin 0.49 ± 0.69 -4.56 ± 0.69 ¯ 5.05 Associated with the phenotypic 
changes of macrophages from 
anti to pro-tumorigenic (Martinez 
& Gordon, 2014). 

Cxcl5 Chemokine 2.01 ± 0.01 -2.06 ± 0.01 ¯ 4.07 Promotes tumour angiogenesis 
(Chen et al., 2019). 
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Pdcd1 Immunosuppressive 

factor 
1.48 ± 0.68  -2.53 ± 0.68  ¯ 4.01 Immune checkpoint to control 

inflammation and self-reactivity 
(Highfill et al., 2014). 

Cd274 
(Pdl1) 

Immunosuppressive 
factor 

0.51 ± 0.72  1.51 ± 0.72  ¯ 2.01 Ligand for Pd-1 (Highfill et al., 
2014). 

Cxcr2  Chemokine receptor -0.02 ± 0.00  -1.99 ± 0.01  ¯ 1.97 Neutrophils recruitment (Roth & 
Hebert, 2000). 
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Table 6.6. Upregulated genes associated with cancer and inflammation in the presence of tumour-infiltrating neutrophils in Cxcr2 flox. The 
fold changes were calculated in relation to the expression in non-neutrophil infiltrated wt tumour. 

Gene Biological function Log2 fold (non-
neutrophil 
infiltrated Cxcr2 
flox vs wt) 

Log2 fold 
(neutrophil 
infiltrated Cxcr2 
flox vs wt) 

Differences in 
Log2 fold 

Function 

Gzmb Enzymatic modulator 
of inflammation & 
immunity 

-11.00 ± 0.00  -7.55 ± 0.02 ­ 4.00 Immune-stimulatory, cytotoxicity effect 
of CD8+ T-cells (Shresta et al., 1998). 

Bcl2 Anti-apoptotic -8.00 ± 0.01  -4.00 ± 0.01 ­ 3.99 Pro-apoptosis linked to 
chemoresistance (De Graaff et al., 
2016). 

Stat3 Transcription factor -6.00 ± 0.03  -3.04 ± 0.03 ­ 2.95 Promotes tumour cell proliferation, 
survival, invasion, angiogenesis and 
immunosuppression (Yu et al., 2014). 

Mif Immunosuppressive 
factor 

1.00 ± 0.01  3.02 ± 0.01  ­ 2.02 Immunosuppressive, pro-inflammatory 
(Dumitru et al., 2011; Zhou et al., 2008).  

Stat1 Interferon-responsive 
gene, transcription 
factor 

-4.52 ± 0.70  -2.52 ± 0.70  ­ 2.00 Promotes inflammation-associated 
tumorigenesis (Ernst et al., 2008).  

 

 

 



 

6.2.15 Validation of Ccr2 expression in the tumour  
Our RNA array data showed high variability in Ccr2 expression between the biological 

replicates of Cxcr2 flox and wt (Figure 6.7C). Therefore, the expression of Ccr2 was 

further evaluated using TaqMan qRT-PCR. Three neutrophils infiltrated tumour, each from 

Cxcr2 flox and wt were used.  

Ccr2 expression was elevated with fold change ³ 2 in all three Cxcr2 flox tumour in 

comparison to wt tumours (Figure 6.10).  
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Figure 6.10. Expression of Ccr2 by qRT-PCR analysis. The fold change in Cxcr2 flox 
tumour samples (n=3) was calculated in related to the expression in wt tumour samples 
(n=3). The data express as average value of triplicates (± standard deviation) and 
presented in log2 unit. Each dot represent data from individual mouse.  
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6.2.16 Comparisons of gene expression levels between 2 weeks and 20 
weeks sample 
The difference in gene expression between the pre-tumour bladders (6.2.1, Table 6.1) 

and the bladder tumours (6.2.9, Table 6.4) were examined by comparing the data of 2 

weeks and 20 weeks, respectively (Table 6.7).  

Cxcr2 expression was downregulated at both time points (Table 6.7). 

Among the most altered genes associated with immune-suppression, Cxcr2 flox showed 

an upregulation of Ido1 at 2 weeks, but downregulation of Ctla4 at 20 weeks (Table 6.7).  
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Table 6.7. Comparison of gene expression at 2 weeks and 20 weeks from the start 
of carcinogen treatment. The 10 genes with the most altered expression comparing 2 
weeks 20 weeks samples. ¯ indicates downregulation and ­ upregulation.  

Most altered gene 
expression at 2 
weeks  

Most altered gene 
expression at 20 
weeks 

Genes with an altered 
expression at both 2 
weeks and 20 weeks  

Ido1( ­ ) Gzmb ( ­ ) Cxcr2 (¯) 
Cxcl1 ( ­ ) Bcl2 ( ­ )  
Il13 ( ­ ) Stat3 ( ­ )  
Il5 ( ­ ) Mif ( ­ )  
Tlr3 ( ­ ) Stat1 ( ­ )  
Egf (¯) Ctla4 (¯)  
Il10 (¯) Tlr7 (¯)  
Il1r1 (¯) Ccl28 (¯)  
Cxcr2 (¯) Ccr9 (¯)  
 Csf3 (¯)  
 Cxcr2 (¯)  
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6.2.18 Tgf-b expression in tumour 
We have analysed the mRNA expression of Tgf-β using RNAscope in an attempt to 

identify the factor that could lead to higher tumour-infiltrating neutrophils in the absence of 

Cxcr2 (Chapter 5). Tgf-b was chosen as a targeted gene as it is associated with the 

polarisation and activation of neutrophils (Coffelt et al., 2016) as well as regulation of 

other immune cell infiltration into the tumour area (Yang et al., 2010).  

We have performed semi-quantitative analysis on the expression of Tgf-b in the 

urothelium, stroma and tumour, as well as the tumour-leading edge. The scoring criteria 

used were; 0 = none/minimum, 1= low, 2= medium and 3 = high expression of the 

randomly placed 100 μm X 100 μm box.  

Majority of the samples showed only low expression (score 1) of Tgf-b in the urothelium 

and in the stroma (Figure 6.11D, E). The level of expression in Cxcr2 flox was comparable 

to that of wt.  

Half (n=4/8) of the Cxcr2 flox tumour showed high expression and another half showed 

medium expression of Tgf-b. Meanwhile, two out of three wt samples showed medium 

expression and another one showed low expression of Tgf-b (Figure 6.11F). Hence, in 

general, it is likely that Tgf-b expression is slightly higher in the tumour of Cxcr2 flox 

compared to wt samples.  

At the tumour leading-edge, half of the Cxcr2 flox samples and two out of three wt 

samples showed score 3 expression of Tgf-b (Figure 6.11G). Therefore, the expression of 

Tgf-b appeared to be higher in the tumour, but similar in the leading edge of Cxcr2 flox 

compared to wt.  
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Figure 6.11. Tgf-b expression in bladder tumour samples of Cxcr2 flox and wt. The 
in-situ mRNA expression of Tgf-beta was quantified in urothelium, stroma and tumour 
area using RNAscope with the brown staining considered as positive signals for the probe 
used (A-C). Scale bar represent 200 μm in A-C. Number of samples (n) analysed are as 
indicated below graph.  
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6.3 Discussion 

6.3.1 Summary of results 
The key observations from the expression study were: 

1) At the acute inflammation stage (2 weeks of OH-BBN treatment), deletion of Cxcr2 on 

the myeloid cells led to an alteration of genes associated with immunity and inflammation 

(Figure 6.1-6.4, Table 6.2). 

2) Clear differences in the expression of genes associated with immunity and 

inflammation were also observed between neutrophil infiltrated and non-neutrophil 

infiltrated Cxcr2 flox tumour samples (Figure 6.5-6.8, Table 6.5, 6.6). 

3) The expression of Tgf-β was higher in the tumour leading-edge of wt and Cxcr2 flox 

(Figure 6.11).  

6.3.2 Differences in RNA analysis using RNA array-based and TaqMan-Assay 
based qRT-PCR 
We have observed inconsistent gene expression measurement between the RNA array 

and TaqMan qRT-PCR analysis for the samples taken at 2 weeks after OH-BBN 

treatment. Out of 4 genes tested (Egf, Ido1, Spp1 and Nos2), only Egf expression gave 

similar data for both RNA array analysis and qRT-PCR (Figure 6.2, 6.5, Table 6.3).  

We have also further confirmed the expression of Ccr2 in tumour samples of Cxcr2 flox 

and wt. For the RNA analysis, the expression of Ccr2 showed great variation in the two 

biological replicates of neutrophil infiltrated Cxcr2 flox tumour (Figure 6.7C). Our analysis 

using TaqMan qRT-PCR gave more consistent data with all (n=3/3) neutrophil infiltrated 

Cxcr2 flox tumours used showed an upregulation of more than 2-log2 fold in comparison 

to wt tumour samples (Figure 6.10). 

The inconsistency in the results obtained by RNA array and qRT-PCR analyses could be 

mainly due to the differences in the principle of detection of these two methods. The RNA 

array used SYBR Green dye in which this dye binds onto double-stranded DNA in 

detecting the amplification of the targeted genes. In contrast, qRT-PCR was performed 

using TaqMan-assay. This assay utilises the dual-labelled fluorogenic hybridisation 

probes with a quencher on the 3’ end and the FAM or VIC dye label on the 5’ end. The 

SYBR Green-based assay is considered as less specific than TaqMan-based assay due 

to the possibility of SYBR Green binding onto primer dimer, creating a false-positive signal 

(Tajadini et al., 2014; Arikawa et al., 2008). 
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Choices of the housekeeping genes may also contribute to the inconsistency of the gene 

expression data between RNA array and qRT-PCR. For RNA array, Hsp90 was used for 

the normalisation, while Gapdh was used for the qRT-PCR analysis.   

The RNA used was extracted from the whole bladder tissue rather than the tumour area. 

Therefore, the changes in gene expression observed could be due to the non-tumour 

area. The number of samples used was low (n= 2 to 4) that may lead to imprecise 

estimation in the gene alterations between the Cxcr2 flox and wt samples. Further 

confirmation in a larger cohort, for example, n=10 tumour samples for each cohort is 

needed.  

6.3.3 Differences in the expression level of genes at acute inflammation 
compared to late bladder tumorigenesis 
Two main factors could contribute to the differences in the gene expression observed at 

acute inflammation stage and late stage of bladder tumorigenesis; 1) differences in the 

factor provoking the inflammatory response, and 2) the phenotypic differences of the 

immune cells present at these two stages.  

During the acute inflammation stage (2 weeks from the start of carcinogen treatment), 

inflammation was provoked by the induction of the carcinogen (OH-BBN). However, at 

late bladder tumorigenesis stage, the tumour microenvironment could be the source of 

persistence inflammatory signalling.  

Tumour microenvironment encompasses different type of immune cells that interact with 

each other as well as with the cancer cells, and the cells in the tumour stroma including 

tumour-associated fibroblasts to support the tumour growth and progression (Grivennikov 

et al., 2010b; Gajewski et al., 2013; De Visser et al., 2006). It was reported in murine lung 

carcinoma model that neutrophils in the early stage possess anti-tumour properties with a 

high level of pro-inflammatory factors, in contrast to the pro-tumour properties in the late 

stage of the tumour (Mishalian et al., 2013).  

6.3.4 Altered gene expression associated with tumour-infiltrating neutrophils 
in Cxcr2 flox 
The downregulation of Cxcl5 in the Cxcr2 flox neutrophil-infiltrated tumour samples might 

be associated with the downregulation of its receptor, Cxcr2. Alternative signalling coming 

from the tumour microenvironment may likely to have attracted the neutrophils, 

independent to Cxcr2 pathway, to facilitate their growth and progression (discussed in 

more depth in 8.2.4). Due to limitation of samples and time, not all genes could be 

validated. However, it will be good to validate the level of RNA and protein expression of 

Cxcl5 in the future studies.  
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We have observed a mixed level of expression of immunostimulatory and 

immunosuppressive factors in neutrophil infiltrated Cxcr2 flox tumour.  

Our results may indicate that altered signalling in the tumour microenvironment may 

involve in the recruitment of tumour-infiltrating neutrophils in the absence of Cxcr2 

expression in the bladder (discussed in Chapter 8 in more depth).  

6.3.5 Tgf- β expression was associated with the presence of tumour cells 
The role of Tgf-β in recruiting tumour-infiltrating neutrophils was observed in other studies 

(Coffelt et al., 2016; Yang et al., 2010). Tgf- β was associated with cancer cell invasion 

and metastatic progression (Drabsch & Ten Dijke, 2011). Tgf- β could negatively regulate 

the Cxcr2 signalling in the chemotaxis of the granulocyte population (Gr-1+CD11b+) 

(Yang et al., 2008). Genetic ablation of its receptor, Tgfbr2, led to an increase in the 

chemotactic activities of Cxcr2 (Yang et al., 2008). The high expression of the Tgf- β in 

the leading-edge of the tumour could be associated with the ability of Tgf- β in promoting 

cancer cell invasion and metastatic progression (Drabsch & Ten Dijke, 2011). 

This highlighted the importance of tissue-based analysis in localizing the gene expression 

in order to understand the biological impact of the targeted gene.  

6.4 Future directions 
The RNA works were preliminary studies that we performed with small number of samples 

(n=2 for each cohort) to have a general view on the differences in the gene expression 

between Cxcr2 flox and wt. Due to the limitation of sample and time, we could not 

proceed to further validate our results. 

The use of RNA array and qRT-PCR- based for the detection of the gene expression is 

limited to selected genes and therefore, biased. They may not be specific and sensitive 

enough to detect weakly expressed gene. Alternatively, the use of RNA-seq, which is a 

higher throughput method with wider coverage will allow detection of the novel transcript.  

The expression of the genes associated with inflammation and cancer immunity can be 

further analysed by an improved strategy based on: 

1) Use of the non-OH-BBN treated as control of baseline expression.  

2) Increase the number of samples to at least n=3 in all experimental cohort. 

3) It will be useful to perform further analysis on the RNA array data using Kyoto 

Encyclopaedia of Genes and Genomes (KEGG) and Ingenuity Pathway Analysis (IPA). 

KEGG/IPA analysis could be used for identification of pathway related to molecular 
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interactions, upstream regulators, network markers and other functional biological insight 

(Cirillo et al., 2017).  

In-situ RNA hybridization (such as RNAScope) can be used to directly visualise the level 

of Tgf-β RNA in the tumour. Alternatively, specific cell population or tissue area could be 

dissected out from heterogenous tissue section using laser-capture microdissection 

(LCM). LCM is a histology-based tissue microdissection using direct microscopic 

visualisation and excision by laser beam (Simone et al., 2000). The isolated cells or tissue 

could be used for downstream analysis to quantitate the expression of specific RNA, DNA 

or protein. By micro-dissecting the tumour edge vs tumour core using LCM the expression 

of Tgf-β could be better analysed quantitatively considering the tissue-context. 

 

 

 

 

 

 

 

  



 

 

195 

 

 

 

 

 

Chapter 7 

Effects of neutrophil depletion 
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7.1.1 Hypotheses 
1) Targeting neutrophils using monoclonal antibody Ly6G (clone 1A8) will suppress levels 

of neutrophils induced by carcinogen treatment both in circulating and in the bladder 

tissue. In the absence of anti-tumour neutrophils in early inflammation that eliminate 

urothelial cells with tumour-causing DNA damages, there may be an enhanced tumour 

pathogenesis as we seen in FGFR3S249C and Cxcr2 flox models. 

2) In well-established tumours, 1A8 treatment will suppress the recruitment of tumour-

infiltrating neutrophils, that are presumably pro-tumour, thereby leading to tumour 

regression. 

7.1.2 Aim and Objectives 
This chapter aimed to evaluate the effects of neutrophil depletion in bladder tumorigenesis 

using anti-Ly6G monoclonal antibody (1A8), and the clinical relevance of targeting 

neutrophils in the tumour. 

The Ly6G (1A8 clone) monoclonal antibody used in this study was an antibody that binds 

specifically on mouse Ly6 complex locus G (Ly6G) antigen. Ly6G, also known as Gr-1, is 

a glycosylphosphatidylinositol (GPI)–anchored protein which is expressed on the surface 

of neutrophils (Wang et al., 2012; Fleming et al., 1993). The Ly6G is associated with the 

recruitment and migration of neutrophil via β2-integrin pathway (Wang et al., 2012). The 

anti-Ly6G antibody (1A8 clone) has been extensively used to deplete circulating 

neutrophils in mouse models (Moynihan et al., 2016; Steele et al., 2016; Coffelt et al., 

2015; Finisguerra et al., 2015; Jamieson et al., 2012). 

The specific objectives were: 

1) To evaluate the effects of neutrophil depletion at acute inflammation stage onto the 

tumour. 

2) To determine whether neutrophil depletion could lead to regression of bladder tumour.  
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7.2 Results 

7.2.1 WBC levels in OH-BBN- and 1A8-treated mice at 2 weeks of treatments 
To further understand the roles of neutrophils in the bladder tumour initiation and 

progression, we have used monoclonal antibody against Ly-6G+ (clone 1A8) to deplete 

the neutrophil population. Ly6G is a small glycosylphosphatidylinositol (GPI)-linked protein 

on the surface of neutrophils (Fleming and Malek, 1993)(Fleming et al., 1993)(Fleming et 

al., 1993)(Fleming et al., 1993). The function of Ly6G strongly associates with the 

chemotactic activities of neutrophils (Wang et al., 2012).  

Treatment regimens were a simultaneous application of 0.05% OH-BBN in the drinking 

water and intraperitoneal injection (i.p) of 1A8 or its isotype control, 2A3, for 10 weeks, 

followed by another 10 weeks with normal drinking water (Figure 7.1A). The sampling of 

the whole blood and bladder were performed at 2 weeks and 20 weeks from the start of 

the treatments.  

At 2 weeks, 1A8-treated mice had significantly lower circulating neutrophils compared to 

2A3-treated mice (p = 0.0065, Mann-Whitney) (Figure 7.1D). The NLR significantly 

increased in 1A8-treated compared to 2A3-treated mice (p = 0.0173, Mann-Whitney) 

(Figure 7.1F).  

Changes in the level of monocytes, eosinophils and basophils were not prominent among 

1A8-, 2A3- and OH-BBN treated cohorts (Figure 7.1G-L).  
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Figure 7.1. Depletion of neutrophils in wt mice. Schematic presentation of the 
neutrophil depletion studies (A). 1A8/2A3 (500 μg) i.p injection was done in concurrent 
with OH-BBN treatment. Number of cells within blood (cells/ml) (B, C, G-I) and cell 
population within WBC (%) (D, E, J-L) for samples taken at 2 weeks of treatment. Number 
of samples used was as indicated below each column. P values (Mann-Whitney) are 
indicated where significant (*p<0.05, **p<0.01).  
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7.2.2 WBC levels in 1A8-treated mice at 20 weeks 
In contrast to observations at two weeks, circulating neutrophils at 20 weeks was 

significantly increased in 1A8-treated mice compared to OH-BBN control group (p= 

0.0317, Figure 7.2C). The decrease in circulating lymphocytes was also observed in 1A8-

treated mice, in comparison to both 2A3-treated and OH-BBN mice (p = 0.0317, Mann-

Whitney) (Figure 7.2D). Accordingly, NLR was significantly higher in 1A8-treated 

compared to 2A3-treated and OH-BBN mice (p = 0.0317, Mann-Whitney) (Figure 7.2E).  

Circulating monocytes were also significantly increased in 1A8-treated mice compared to 

2A3- and OH-BBN-treated mice (Figure 7.2F).  

The levels of eosinophils and basophils were comparable among the treatment groups 

(Figure 7.2G, H, J, K). 
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Figure 7.2. WBC analysis of samples at 20 weeks from the start of OH-BBN and 
1A8/2A3 treatments. Each WBC population is presented in cell density/ml (A, B, F-H) 
and in percentage (C, D, I-K). Neutrophil-to-lymphocyte ratio (NLR) (E). The p-values 
(Mann-Whitney) are indicated where p*<0.05 were considered significant. 
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7.2.3 Effects of neutrophil depletion in bladder tumorigenesis 
We have evaluated the effects of 1A8-neutrophil depletion at the tissue level.  

At 2 weeks from the start of OH-BBN treatment, the neutrophil infiltration was not 

significantly different in the urothelium, stroma and muscle in 1A8-, 2A3- and OH-BBN-

treated mice (Figure 7.3A-C).  

Similarly, at 20 weeks from the treatments, the levels of neutrophil infiltration were also 

comparable in the areas of tumour and stroma of 1A8-, 2A3- and OH-BBN-treated mice 

(Figure 7.3D, E).  

We next scored the pathogenesis of the bladders taken at 20 weeks from the treatments. 

While statistically not significant, the results indicated an enhanced severity of bladder 

pathogenesis in 1A8-treated mice compared to 2A3 and OH-BBN treated mice (Figure 

7.3F).  
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Figure 7.3. Effects of neutrophil depletion in the bladder tissues at 2 and 20 weeks. 
Infiltrations of neutrophils at 2 weeks (A-C) and 20 weeks (D, E) from the start of OH-BBN 
treatment. Pathogenesis of bladder tissue at 20 weeks (F). No significant different was 
observed (Mann-Whitney test).  
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7.2.4 Effects of neutrophil depletion in tumour-bearing mice 
We hypothesized that, in established tumours, depletion of neutrophils by 1A8 will (1) 

suppress the recruitment of tumour-infiltrating neutrophils, and (2) lead to tumour 

regression. 

Mice were treated with 0.05% OH-BBN in the drinking water for 10 weeks and replaced 

with normal drinking water (Figure 7.4 A). Ultrasound imaging was used to monitor tumour 

formation, starting from 18 weeks from the start of OH-BBN treatment. Tumour size was 

determined by volumetric analysis using data from Vevo3100. Mice harbouring a tumour 

of approximately 20 mm3 (as measured by bladder volume, see p202) or more were 

selected. The 1A8 or 2A3 was applied for 2 weeks. 

Blood analysis showed comparable number of neutrophils in 1A8-treated mice (1.11 ± 

0.44 cells/ml) compared to 2A3-treated mice (1.51 ± 0.54 cells/ml) (Figure 7.4B). Levels of 

lymphocytes were comparable between 1A8 and 2A3-treated mice (6.00 ± 3.32 cells/ml, 

6.41 ± 3.32 cells/ml, respectively) (Figure 7.4C). Accordingly, the NLR was mildly 

decreased in 1A8-treated mice (0.20 ± 0.047) in comparison to 2A3-treated mice (0.27 ± 

0.15) (Figure 7.4D).  

The number of monocytes were comparable in 1A8-treated mice (0.40 ± 0.21 cells/ml) 

compared to the 2A3-treated (0.64 ± 0.40 cells/ml) (Figure 7.4E). Similar observation was 

obtained for the number of eosinophils and basophils in 1A8-treated mice (0.27 ± 0.16, 

0.01 ± 0.00 cells/ml, respectively) compared to 2A3-treated mice (0.12 ± 0.04, 0.00 ± 0.00 

/ml, respectively) (Figure 7.4F, G).  
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Figure 7.4. WBC analysis of 1A8/2A3-treated mice. Schematic presentation of the 
neutrophil depletion in mice bearing tumour. Mice were injected i.p with 1A8/2A3 (500 μg) 
for three times weekly for two week (A). Number of circulating immune cells (cells/ml); 
neutrophils (B), lymphocytes (C), NLR (D), monocytes (E), eosinophils (F) and basophils 
(G). Percentage of each circulating immune cells to the WBCs (H-K). No significant 
difference was observed (Mann-Whitney test).  
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7.2.5 The effects of neutrophil depletion in tumour-bearing mice  
Next, we analysed the levels of neutrophil infiltration in the tumour and the stroma 

adjacent to the tumour area in H&E-stained tissue section from mice treated with 1A8 and 

2A3, and in the non-1A8/2A3 treated mice (“untreated”) (Figure 7.5). 

In general, the level of infiltrated neutrophils was comparable among 1A8- 2A3-treated 

and non-1A8/2A3 treated (Figure 7.5A and B).  

Only one out of six 1A8-treated mice showed a relatively higher number of tumour-

infiltrated neutrophils (590 cells/mm2) compared to the 2A3-treated mice (54 ± 115 

cells/mm2, n=5) (Figure 7.5A).  

In the adjacent stroma, two out of six 1A8-treated mice showed a higher number of 

neutrophils (590 and 440 cells/mm2) compared to 2A3-treated mice (120 ± 79 cells/mm2, 

n=5) (Figure 7.5B).  

In summary, the results showed that while there was an indication that neutrophil 

depletion had some effects in reducing the levels of neutrophils from the blood circulation 

(Figure 7.4), the levels of neutrophils in the tumour tissue were comparable among 1A8 

and 2A3-treated and non-1A8/2A3 treated (Figure 7.5).  
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Figure 7.5. Tissue-infiltrated neutrophils in 1A8/2A3-treated and non-1A8/2A3 
treated mice. Mice bearing bladder tumour were treated with 1A8/2A3 for two weeks. 
Neutrophil density (cells/mm2) was evaluated in tumour and adjacent stroma area (A, B). 
No significant difference was observed (Mann-Whitney test).  
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7.2.6 Association between circulating and tissue-infiltrated neutrophils in 
1A8/2A3 treated mice 
In order to better understand the effects of 1A8/2A3 treatment applied to tumour-bearing 

mice, we have evaluated the association between the levels of neutrophils in circulation 

and the tissues. 

We have observed that mice that showed a high number of circulating neutrophils showed 

low or no tissue-infiltrated neutrophils (n=4/5 in 2A3-treated and n=3/5 in 1A8-treated 

mice) (Figure 7.6A). In contrast, n=2/5 of 1A8-treated mice with a lower level of circulating 

neutrophils displayed a higher level of tissue-infiltrated neutrophils (Figure 7.6A). 

A similar association was observed when comparing the levels of circulating neutrophils 

with neutrophils in the stroma (Figure 7.6 B). 

Taken together, the levels of neutrophils in the tissue were not reflected in the levels in 

circulation, and it showed a negative correlation. It remained unclear whether the 

application of 1A8 for 2 weeks in the tumour-bearing mice had efficiently suppressed the 

levels of neutrophils in the tumour tissue.  

 

  



 

 

208 

 

Figure 7.6. Association between circulating neutrophils and tissue-infiltrated 
neutrophils in 1A8/2A3-treated mice. Number of circulating neutrophils compared to 
tumour-infiltrating neutrophils (A) and to infiltrated neutrophils in the adjacent stroma (B). 
N=5 for 1A8- and 2A3-treated was used for the evaluation of tumour-infiltrating samples. 
N=4 for 1A8-treated and n=3 for 2A3-treated was used for the evaluation of neutrophil in 
the adjacent stroma. The correlation between circulating and tissue-infiltrated neutrophils 
were measured using Spearmen rank order for non-parametric data distribution.  
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7.2.7 The effects of neutrophil depletion on the tumour size  
The effects of neutrophil depletion by 1A8 on the bladder volumes were monitored during 

the treatment. The ultrasound images were analysed using Vevo LAB software (Fujifilm 

VisualSonics Inc, Canada).  

The bladder volume was calculated by;  

the whole bladder (indicated by white dots in Figure 7.7A) – lumen (indicated by green 

dots).  

In 2A3-treated mice (Figure 7.7B), one showed a continuous increase of the bladder 

volume, one showed a slight increase, and the last showed an increase observed after 

one week, followed by a decrease after two weeks.  

In 1A8-treated mice (Figure 7.7C), two showed a decrease in bladder volume after two 

weeks, and one showed a similar volume retained during the treatment.  

Overall, the bladder volume remained more constant in 1A8 treated mice, while the 

bladder volume showed a continuous increase upon 2A3 treatment. However, this was an 

observation from n=3 only. 
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Figure 7.7. Bladder volumetric analysis of tumour-bearing mice treated with 
1A8/2A3 for 2 weeks. Representative ultrasound image of the bladder (A). Yellow 
arrowhead indicates tumour mass of the bladder (white dots). Green dots indicate the 
lumen. Bladder volume from one-week prior to treatment start up to 2 weeks after 
treatment by 2A3 (B) and 1A8 (C).  
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7.3 Discussion 

7.3.1 Summary of results 
The results from this chapter indicated that:  

1. The suppression of neutrophil recruitment during the first 10 weeks in which carcinogen 

had been applied, may have resulted in an increase of tumour in the bladder at a later 

stage.  

2. The effects of 1A8 treatment on the bladder tumour growth was variable and may 

require further analysis using an increased number of mice.  

7.3.2 Neutrophil depletion at acute inflammation stage enhanced 
inflammation at the later stage of bladder tumorigenesis 
Based on the results, I speculate that the neutrophils depletion at acute inflammation 

stage might lead to chronic inflammation at the later stage by altering the immune cells 

balance systemically. This could then enhance the severity of bladder tumour 

pathogenesis. 

7.3.3 Potential causes of the lack of clear neutrophil depletion in tumour-
bearing mice 
Several factors may cause a lack of clear neutrophil depletion using 1A8 in the mice 

bearing tumour.  

Firstly, the dosage of 1A8 antibody used (500 μg, three times a week) which was based 

on the literature (Jamieson et al., 2012), may not have been the optimum in depleting the 

circulating and tissue-infiltrated neutrophils.  

Secondly, the level of neutrophils may have been adjusted constantly by an increase in 

immature neutrophils released from the bone marrow in 1A8-treated mice. This was 

previously reported (Faget et al., 2018). It was also reported that the effects of 1A8 

treatment were not on the number of circulating neutrophils but on the chemotaxis of 

neutrophils (Wang et al., 2012). 

Thirdly, the mouse strain used in this study (C57Bl/6) could have also contributed to the 

efficacy. For example, it was found that 1A8 treatment significantly reduced neutrophils in 

BALB/c and FVB/N but not in C57Bl/6 (Faget et al., 2018). This could be due to the 

immunological variant between C57BL/6 compared to BALB/C and FVB/N mice. BALB/c 

and FVB/N mice have T helper cell type 2 (Th2)-biased immune response compared to 

C57Bl/6 (Disis and Palucka, 2014; Kim et al., 2012; Chen et al., 2005). Differences in 

haematopoiesis was also observed between the C57Bl/6 and BALB/C mice with the 
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former have lower level of haematopoietic stem cells in the bone marrow (Mfiuer-sieburg 

& Roy, 1996) 

Finally, treatment with 1A8 treatment was reported to cause changes in the phenotype of 

neutrophils in the bloodstream of mice with developed lung cancer (Faget et al., 2018).  

Our experimental approach was limited in terms of monitoring the levels of tissue-

infiltrated neutrophils, as it was post-mortem histopathological analysis.  

7.4 Future direction 
I propose the following in targeting neutrophil recruitment in the tumour. 

1. Inhibitors targeting the neutrophil populations should be tested. One of the candidates 

for this is Reparixin (also known as Repertaxin). Reparixin is a CXCR1/CXCR2 small 

molecule inhibitor that is being clinically tested in cancer and inflammation diseases 

(Schott et al., 2017); https://www.drugbank.ca/drugs/DB12614). Reparixin has been 

shown to reduce tissue infiltrated neutrophils in lung and hepatocellular mouse models 

(Zarbock et al., 2008; Bertini et al., 2004). Data from this study indicated the important of 

Cxcr2-axis in the bladder tumour initiation and progression. Thus, Reparixin might work in 

the bladder cancer model and could help us to better understand the tumour stage-

dependent effects of Cxcr2 suppression. Mouse bearing bladder tumour could be treated 

with Reparixin to evaluate whether inhibition of Cxcr2 might lead to tumour regression.  

 

2. The use of combination treatment should also be considered to increase the efficacy in 

targeting neutrophil recruitment. Combining 1A8 with a secondary antibody has been 

shown to increase the efficacy of 1A8-mediated neutrophil depletion (Faget et al., 2018). 

Other studies have used the anti-CXCR2 monoclonal antibody in combination with PD-

L1/PD1 and demonstrate apparent anti-tumour effects (Highfill et al., 2014; Steele et al., 

2016). 

3. Improved mouse models in testing the above inhibitors should be considered, such as:  

I. Use of another mouse strain than C57Bl/6 (BALB/C or FVB/N). 

II. Use of other genetically modified mouse models with potential of monitoring tissue-

infiltrating neutrophils more real-time and accurately such as Catchup mice which express 

specific neutrophil-protein Ly6G promoter (discussed in more depth in 8.4.1). 

III. Increase number of mouse samples (at least n=10 each for 1A8-treated and 2A3-

treated mice). 
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General discussion
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8.1 Overall summary of the findings  
This study set out to investigate the roles of neutrophils in carcinogen-dependent bladder 

tumorigenesis. Two different GEM models, FGFR3 mutants and Cxcr2 flox, and neutrophil 

depletion approach were used in this study.  

The overall findings from this study were: 

1. Carcinogen-dependent bladder tumorigenesis was increased in mutationally activated 

FGFR3S249C mice. The tumour phenotype in FGFR3S249C mice was more advanced with a 

modest increase in neutrophil infiltration compared to wt mice. Acute inflammatory 

response was suppressed at the early time-point of carcinogen treatment (Chapter 3). 

2. Cxcr2 deletion in myeloid cells led to a significant increase in tumour formation 

compared to wt mice. The Cxcr2 flox tumours were bigger and more invasive. 

Senescence-associated proteins, g-H2aX, p53 and p21 expression were maintained in 

Cxcr2 flox at acute inflammation stage. However, tumour cell proliferation occurred 

regardless of senescence-associated protein expression at a later stage of bladder 

tumorigenesis in the absence of Cxcr2 expression (Chapter 4). 

3. At acute inflammation stage, recruitment of neutrophils, macrophages and T-cells was 

suppressed in Cxcr2 flox. In contrast, an influx of neutrophil population with lack of 

expression of neutrophils-common markers was observed in Cxcr2 flox. The increase of 

tumour-infiltrating neutrophils in Cxcr2 flox coincided with the increase of CD3+ T-cells. A 

transient increase in circulating and infiltrating macrophages was observed at tumour 

initiation stage (16 weeks), but not at the later tumour progression stage (20 weeks) 

(Chapter 5). 

4. Alteration of cytokines, chemokines and growth factors were observed in the Cxcr2 flox 

and differently regulated at acute inflammation compared to the late stage of bladder 

tumorigenesis (Chapter 6).  

5. Neutrophil depletion at acute inflammation stage led to an increased level of neutrophils 

in circulation at a later time point, which may reflect the enhanced tumour pathogenesis 

(Chapter 7).  
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8.2 Proposed mechanism of inflammation-induced bladder tumour and 
progression 
I propose the following model of how inflammation could induce and promote tumours in 

Cxcr2 flox mice in three sequential stages. Firstly, suppression of acute inflammatory 

responses, secondly, an increase in local inflammation associated with tumour initiation, 

and thirdly, infiltration of pro-tumour neutrophils that altered immune and inflammatory 

signalling, resulting in an exaggeration of tumour progression (Figure 8.1). 
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Figure 8.1. Proposed mechanisms of suppression of acute inflammatory response 
enhanced bladder tumorigenesis. We have evaluated the level of WBC subsets at 
systemic and histopathological level in samples taken at 2 weeks, 12 weeks, 16 weeks 
and 20 weeks from the start of OH-BBN treatment. The 2 week-time point represented the 
acute inflammation stage induced by the OH-BBN treatment (A). The 12 weeks and 16 
weeks’ time-points were considered as the stages of bladder tumour initiation and 
promotion (B). Lastly, the 20 weeks-time point represented tumour progression (C). Cxcr2 
flox model (in this illustration) as well as FGFR3 mutant and neutrophil depletions, were 
used as experimental approaches to investigate the function of neutrophils in bladder 
tumorigenesis.   
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8.2.1 Suppression of acute inflammatory responses  
Our results support the accumulating evidence on the importance of myeloid cells and 

Cxcr2 in regulating inflammatory responses. The defects in neutrophil and macrophage 

recruitment were reported in other cancer mouse models with genetic ablation of Cxcr2 

(Dyer et al., 2017; Steele et al., 2016; Jamieson et al., 2012; Devalaraja et al., 2000b). For 

example, Cxcr2 knockout mice induced with skin inflammation using 2-O-tetradecanoyl 

phorbol-13-acetate (TPA) showed reduction of MPO+ neutrophils compared to wt mice 

(Jamieson et al., 2012). Cxcr2 deletion also led to a reduction of skin thickness that 

indicated impairment in inflammatory response when exposed to TPA (Dyer et al., 2017).  

The findings from this study further supported the notion that deficiency in immune cell 

populations increased the susceptibility to carcinogen-induced carcinogenesis in mouse 

models (Vesely et al., 2011). For example, an increase in the occurrence of sarcoma 

induced by carcinogen methylcholanthrene (MCA) was observed in mice that lack 

eosinophils, T cells and B cells (Engel et al., 1997; Girardi et al., 2003).  

8.2.2 An increase in local inflammation associated with tumour initiation in 
Cxcr2-deficient mice 
I propose here that the transient increase in macrophage infiltration could serve as the 

turning point from acute to chronic inflammation hence initiating the tumour development 

in Cxcr2 deficient mice. Other studies have also shown that the present and persistent 

activation of macrophages predispose chronic inflammation to malignant neoplasm 

(Balkwill & Mantovani, 2001; Lin et al., 2001; Arwert et al., 2018). Macrophages were 

associated with the tumour initiation and promotion by creating a paracrine/autocrine loop 

with the tumour cells that induce inflammation, angiogenesis and immunosuppression 

(Saccani et al., 2006; Poh & Ernst, 2018).  

Our results were also in line with the report by Dyer and colleagues (2016) in skin 

inflammation mouse model. They have observed an increase in macrophage infiltration in 

the absence of neutrophils at the acutely inflamed sites with exaggerated cutaneous 

inflammation.  

I also propose here that the increase of macrophage infiltration at the tumour initiation 

stage in Cxcr2 flox may lead to an increase in neutrophil infiltration. This is in accordance 

with a report that showed resident macrophages in the bladder could induce the 

production of chemokines and cytokines such as Cxcl1 and Cxcl2 for the recruitment of 

inflammatory neutrophils from the bone marrow (Schiwon et al., 2014).  
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8.2.3 Recruitment of pro-tumour neutrophils and tumour progression  
We have observed an increase in tumour-infiltrating neutrophils which may lack 

expression of MPO and NIMP in Cxcr2 flox at tumour progression stage. The increase in 

tumour-infiltrating neutrophils observed in Cxcr2 flox supported the notion that the 

persistent presence of neutrophils could lead to tumour progression (Powell & 

Huttenlocher, 2016b).   

The effects of the increase in neutrophil infiltration were also shown to be dependent on 

the stage of the cancer (Eruslanov et al., 2014; Singhal et al., 2016; Steele et al., 2016; 

Fridlender et al., 2009; Mishalian et al., 2013). For example, in an early stage of lung 

cancer, neutrophils in the tumour displayed characteristic of APC-like cells (macrophages 

and dendritic cells) with high expression of CD14, HLA-DR, CCR7, CD86, and CD206 and 

are tumour suppressive (Singhal et al., 2016). However, this APC-like neutrophil 

population was largely reduced in large tumour with the presence of hypoxia.  

Taking into account that Cxcr2 flox has a worse tumour phenotype and lacks expression 

of neutrophil common marker, it is likely that tumour-infiltrating neutrophils observed in 

this cohort were pro-tumour immature neutrophils. A single-cell analysis on the tumour-

associated neutrophils population may help further determining the nature of tumour-

infiltrating neutrophils in Cxcr2 flox. These could be done by isolating the neutrophil 

population from the peripheral blood or from the tumour tissue of Cxcr2 flox bearing 

tumour. The neutrophils could be separated from the other white blood cell populations 

based on density gradients or by the positive selection using microbeads (Sionov et al., 

2015). The phenotype of the tumour-associated neutrophils can be analyzed using 

RNAseq or flow cytometry (Sagiv et al., 2015; Fridlender et al., 2009; Mishalian et al., 

2014).  

Previous studies have also associated tumour-infiltrating neutrophils with the 

immunosuppressive G-MDCS phenotype. Eruslanov and colleagues (2012) have 

elegantly shown that the tumour microenvironment could alter the functions of myeloid 

cells in bladder cancer patients. They identified a subset of G-MDSC (CD15High CD33Low) 

isolated from the peripheral blood and tumour tissue of bladder cancer patients using 

magnetic cell isolation technique. The isolated G-MDSC population had a high expression 

of inflammatory factors, including the chemokines (CCL2-4), growth stimulating factor (G-

CSF) and interleukins (IL-6, IL-8). When cultured in vitro, the G-MDSC showed inhibition 

of CD4 proliferation but an increase in the T-regulatory cell population (FoxP3) (Eruslanov 

et al., 2012). Furthermore, there have been several studies reported on the isolation and 

phenotyping of neutrophils; (Sagiv et al., 2015; Fridlender et al., 2009; Mishalian et al., 

2014).           
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However, the findings of this study did not support the previous in vitro and clinical studies 

in bladder cancer (Zhang et al., 2017; Gao et al., 2015). Zhang and colleagues (2017) 

found that CXCR2 was highly expressed in the infiltrated MDSC population 

(CD33+CD11b+HLA-DR−) from bladder cancer patients compared to in the circulation and 

to the healthy individuals. The expression of CXCL5 was also higher in the bladder 

tumour tissue (Gao et al., 2015). Interaction between CXCR2 and its ligand, CXCL5, led 

to the activation of PI3K/AKT signaling pathways that later promoted bladder cancer cell 

migration and invasion (Gao et al., 2015). One of the reasons that could contribute to the 

differences is due to the fact that their studies were performed using established tumour 

samples taken from the bladder cancer patients and mouse bladder cell lines. Hence, the 

measurement on the CXCR2 effects may be observed at a point where cancer cells have 

already escaped early immunosurveillance mechanisms, thus lacks the evaluations on the 

impact of CXCR2 on the early tumorigenic events. The studies also may not have taken 

into account the inter-tumour, and intra-tumour heterogeneity possessed by the bladder 

tumour tissue.  

Our results were also in contrast to the studies using different cancer mouse model, 

including  melanoma (Singh et al., 2009), colon (Yamamoto et al., 2008), intestinal 

adenocarcinoma (Jamieson et al., 2012), breast cancer (Acharyya et al., 2012), and 

pancreatic ductal adenocarcinoma (Chao et al., 2016; Steele et al., 2016). Inhibition of 

Cxcr2 genetically and pharmacologically prevents TAN accumulation and suppresses of 

tumour growth in pancreatic ductal adenocarcinoma (Chao et al., 2016; Steele et al., 

2016). Cxcr2 was found to play roles in promoting metastasis via its signalling on myeloid 

cells (Steele et al.,2016). 

In contrast, the increase of tumour-infiltrating neutrophils in Cxcr2 flox in our studies 

coincided with the increase of CD3+ T-cells. This could reciprocate the “inflamed tumour” 

phenotype, which is the type with high infiltration of T-cells in the tumour and its 

surroundings but are inactive in killing tumour cells (Chen & Mellman, 2013). This 

“inflamed tumour” phenotype is typically observed in bladder cancer as well as melanoma 

and lung cancer, which are the cancer types that possess high mutational burden and 

most likely to respond well to immunotherapies such as anti-PD-L1 and anti-CTLA4 

(Gajewski et al., 2013; Chen & Mellman, 2013). However, our findings are in apparent 

contrast to other studies that showed an increase of tumour-infiltrating T effector cells was 

observed with a decrease in tumour-infiltrating neutrophils in Cxcr2-deficient mice (Chao 

et al., 2016; Steele et al., 2016).  

The above contradictions may imply a heterogeneity of immune cells between different 

cancer types. Tissue-specific characteristics could also be in-part responsible for 

determining the mechanisms through which tumours influence the immune cells in 
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favouring its growth. Indeed, the differences in the tumour occurrence and bladder 

pathogenesis observed between Cxcr2 flox and Cxcr2 ko (Chapter 4) gave a further 

indication that CXCR2 could possess opposing roles in bladder tumorigenesis in a tissue-

context dependent manner.  

8.2.4 Potential regulators of neutrophil recruitment to the tumour 
microenvironment in the absence of Cxcr2  
Based on the results from the protein expression and RNA expression studies (Chapter 5 

and 6), I propose three hypotheses on what may have contributed to compensate the lack 

of Cxcr2 in recruiting neutrophils to the tumours. Firstly, this could be by the changes in 

the expression of chemotactic surface receptors on neutrophils. Secondly, alternative 

signalling coming from the tumour microenvironment may likely to have attracted the 

neutrophils to facilitate their growth and progression. Thirdly, due to the tumour pressure, 

immature neutrophils may likely to have been released from the bone marrow, and the 

tumour pressure also has led to the granulocytic expansion and prolonged neutrophil 

lifespan.  

The changes in the expression of chemotactic surface receptors on neutrophils: 
This study showed that the expression of Ccr2, a chemotactic factor mostly expressed by 

monocytes, was found to be upregulated in the neutrophil infiltrated Cxcr2 flox tumour 

(Figure 6.10). This is in agreement with the report that showed an upregulation of CC 

receptors on neutrophils with the downregulation of their classical receptors (CXCR1 and 

CXCR2) (Eruslanov et al., 2014). It was shown in a pancreatic adenocarcinoma mouse 

model that depletion of CXCR2 led to a compensatory increase in an alternative subset of 

CCR2+ tumour-associated neutrophils (Nywening et al., 2018). Furthermore, bone 

marrow-derived neutrophils could express surface, and intracellular CCR2 and the 

trafficking of these neutrophils to the blood is CCR2 and monocyte-dependent (Fujimura 

et al., 2015). Thus, it may be that that tumour-infiltrating neutrophils in Cxcr2 flox have an 

increase in Ccr2 expression to compensate for the loss of Cxcr2 expression.  

Alternative signalling coming from the tumour microenvironment may likely to have 
attracted the neutrophils to facilitate their growth and progression: We have 

observed an upregulation of Mif, Stat1, Stat3, and downregulation of Csf3 (G-CSF) in 

neutrophil-infiltrated Cxcr2 flox tumours compared to non-neutrophil infiltrated Cxcr2 flox 

(Figure 6.6 and 6.7). Mif is a cytokine reported in neutrophil activation and recruitment 

(Schiwon et al., 2014; Dumitru et al., 2011). It has been shown that tumour-derived Mif 

could enhance the survival and activation of pro-tumorigenic neutrophils (Dumitru et al., 

2011). Tumour-derived Mif was also reported to suppress CD8+ activities (Zhou et al., 

2008). In bladder cancer, Mif was shown to promote the aggressiveness of bladder 
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cancer cells by increasing cell proliferation and angiogenesis (Choudhary et al., 2013). 

Stat1 and Stat3 were associated with the pro-inflammatory tumour microenvironment that 

could promote tumour cell proliferation, survival, invasion angiogenesis and 

immunosuppression (Yu et al., 2014; Ernst et al., 2008). Tumour could escape the 

cytotoxic effects of immunity by inducing the anti-apoptotic mechanism, which includes 

persistent upregulation of STAT3 (Schreiber et al., 2011). In contrast, it has been shown 

that Csf3 (also known as G-CSF) could negatively regulate CXCR2-mediated neutrophil 

recruitment (Bajrami et al., 2016). Blocking of G-CSF in mice induced with inflammation 

led to an elevation of circulating neutrophils (Bajrami et al., 2016). Therefore, I 

hypothesise that the upregulation of Stat1, Stat3 and Mif, together with the 

downregulation of G-CSF may lead to the changes in the inflammatory signalling to create 

an influx of tumour-infiltrating neutrophils. 

Due to the tumour pressure, immature neutrophils may likely to have been released 
from the bone marrow, and the tumour pressure also has led to the granulocytic 
expansion and prolonged neutrophil lifespan: The expansion and prolongation of 

neutrophil lifespan could be driven by the secretion of inflammatory chemokines by the 

tumour cells alone or together with their associated stroma cells (Grivennikov et al., 

2010a). Tumour microenvironment could alter the chemokine expressions on tumour-

infiltrating neutrophils and prolong their survival via secretion of IL-8 that later helps to 

recruit more neutrophils (Eruslanov et al., 2014). In the presence of the tumour, the half-

life of circulating neutrophils increased to 17 hours compared to only 7 hours in normal 

conditions (Steinbach et al., 1979; Coffelt et al., 2016).   

Immature neutrophil populations were associated with low expression of Ly6G and lack of 

CXCR2 expression (Ly6Glo/+CXCR2-) (Evrard et al., 2018). Furthermore, low expression 

of granule-related proteins, including MPO, was observed in tumour-infiltrating neutrophils 

compared to bone marrow-naïve neutrophils (Shaul et al., 2016). Hence, it may be that 

the persistence of inflammation induced by carcinogen treatment in combination with the 

lack of Cxcr2 in this study could have driven to neutrophil exhaustion which later led to the 

release of the immature neutrophil population, a condition known as left shift (Leach et al., 

2017; Honda et al., 2016; Sagiv et al., 2015; Behrman et al., 1981). In the left-shift 

condition, the demand of the neutrophils surpass the amount that been produced by the 

bone marrow, thus lead to the release of immature phenotype of neutrophils; myelocytes, 

metamyelocytes, and band neutrophils in the peripheral blood (Honda et al., 2016; Harvey 

et al.., 2012). The increase in the immature neutrophil population has been observed in 

samples taken from human and mouse bearing breast cancer, lung cancer and head and 

neck cancer (Moses et al., 2016; Sagiv et al., 2015). 
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8.2.5 Cxcr2 loss may dysregulate senescence leading to bladder 
tumorigenesis 
We found that the senescence pathway was dysregulated in the absence of Cxcr2 at the 

later stage of bladder tumorigenesis (Figure 4.9). High expression of p53 observed in 

Cxcr2 flox, and Cxcr2 ko did not lead to the same amount of p21 expression. In these two 

cohorts, p21 either failed to be activated in the areas of DNA damage or even when p21 is 

express, tumour cells were still able to undergo proliferation.  

In normal cellular responses, DNA damage leads to either cell cycle arrest, to allow the 

lesions to be repaired, or apoptosis. In DNA damage response pathway that leads to cell 

cycle arrest, p53 will be stabilised and transcriptionally activated, which then leads to 

activation of its downstream, p21. This downstream factor is an important inhibitor for 

cyclin-dependent kinases (CDKs) to induce senescence/cell cycle arrest at G1/S phase 

(Bartek & Lukas, 2001). Tumour cells in the Cxcr2 flox and Cxcr2 ko mice may have 

evaded the senescence by manipulating the defective in p53-transcriptional activated p21.  

Increase in cell proliferation has long been associated with tumour progression (Ventura 

et al., 2007). This was also observed in the tumour area of Cxcr2 flox, indicated by the 

increased expression of Ki67. The expression of Ki67 has been suggested to be used as 

a prognostic marker for tumour recurrence and progression in NMIBC (Ding et al., 2014). 

Its expression is associated with higher grade and risk of recurrence of this cancer (Ding 

et al., 2014).   

The roles of Cxcr2 in regulating senescence-associated protein expressions were 

reported by Acosta and colleagues (2009). In their study, senescence accumulated in the 

premalignant stage of prostate cancer was associated with a high level of Cxcr2 and loss 

of Cxcr2 expression lead to a reduction in the severity of the arrest (Acosta & Gil, 2009; 

Acosta et al., 2008).  

It was also reported previously that tumour suppression by senescence was accompanied 

by the presence of tumour-infiltrating neutrophils, macrophages and natural killer cells 

(Xue et al., 2007). Under conditions that favour acute activation of senescence via p53, an 

innate immune response will be subsequently elicited, resulting in the regression of the 

tumour (Xue et al., 2007). Taken together, I hypothesise that Cxcr2 may have a role in the 

activation of the senescence-associated pathway in association with its roles in the 

recruitment of immune cells.  

8.3 Targeted therapy in bladder cancer 
The main goal of pre-clinical cancer research is to provide new therapies in treating 

cancer patients. Based on the results in this study and previous studies, below, it would 



 

 

223 
be useful to evaluate whether targeting of FGFR3 signalling, neutrophils and CXCR2, 

could be beneficial for bladder cancer patients.  

8.3.1 FGFR3-targeted therapy in bladder cancer 
Pre-clinical studies have shown promising results in targeting FGFR3 with the effects on 

reducing bladder cancer cell proliferation (Di Martino et al., 2016). Dovitinib, an FGFR3 

tyrosine kinase inhibitor, has been tested in a phase II clinical trial on NMBIC patients that 

were non-responsive to BCG treatment (Hahn et al., 2017). One out of three patients with 

FGFR3 mutation showed a complete response, while all patients without FGFR3 mutation 

were non-responsive (n= 9/9). FGFR3 S249C mutation was associated with resistant 

towards pazopanib, a selective multi-targeted receptor tyrosine kinase inhibitor (Pinciroli 

et al., 2016). 

Drugs targeting FGFR3 are now being pursued in clinical trials with the combination of 

checkpoint inhibitors (Ibrahim et al., 2019). Several studies have examined the 

relationship between FGFR3 alteration and leukocyte infiltration (Borcoman et al., 2019; 

Sweis et al., 2016). Sweis and colleagues (2016), for example, have found out that 

FGFR3 mutation alongside β-Catenin and PPAR- γ were associated with T cell exclusion 

in MBIC.  

Targeting FGFR3 mutation using small molecule inhibitors may bring more benefit in 

NMBIC compared to MBIC given the ability of FGFR3 to stabilize the tumour phenotype in 

NMBIC (Iyer & Milowsky, 2013). 

8.3.2 Neutrophil-targeted therapy in bladder cancer 
The BCG treatment given to the intermediate and high risk of NMIBC was associated with 

neutrophil activities in inducing the production of tumour necrosis factor-related apoptosis-

inducing ligand (TRAIL) to suppress tumour cells (Simons et al., 2008; Saban et al., 2007; 

Suttmann et al., 2006; Ludwig et al., 2004).   

NLR has been shown as a prognostic marker for disease recurrence, but not disease 

progression, in NMIBC (Mano et al., 2015; Favilla et al., 2016). It was shown that tumour 

inflammation influenced the alterations of NLR in NMIBC (Favilla et al., 2016). Lower NLR 

and low expression of immune gene signature were observed in NMIBC compared to 

MIBC (Borcoman et al., 2019; Madonia et al., 2018). However, some NMIBC patients 

showed high NLR, and this was associated with poor prognosis of bladder cancer (Kaiser 

et al., 2018; Madonia et al., 2018). In the NMIBC patients with low NLR, an agonist for a 

neutrophil function could aid the induction of local anti-tumour immune response.  
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In contrast, MIBC was shown to have a high expression of immune gene signature, which 

could make it susceptible to neutrophil therapy target (Borcoman et al., 2019). In MIBC 

patients, high NLR at pre- and mid neoadjuvant chemotherapy was associated with lower 

disease-free survival and median overall survival (Kaiser et al., 2018). A high NLR post 

adjuvant treatment was shown to be a predictive marker for tumour recurrence in MIBC 

(Kawahara et al., 2016; Morizawa et al., 2016). An increase in immunosuppressive, 

granulocytic MDSC subset was observed in the peripheral blood and tumour tissue of 

NMIBC and MIBC patients that did not undergo any BCG therapy (Eruslanov et al., 2012).  

G-CSF is a regulator for neutrophil haematopoiesis and chemotaxis (Roberts, 2005). 

Combination with G-CSF reduces the toxicity of methotrexate, vinblastine, doxorubicin, 

and cisplatin (MVAC) treatment in inoperable or metastatic bladder cancer (Bellmunt et 

al., 2014; Bamias et al., 2004).  

8.3.3 CXCR2-targeted therapy in bladder cancer 
CXCR2-CXCL1 axis was associated with recurrence of NMIBC through activation of PI3K 

signalling (Chen et al., 2017). Strikingly, a high expression of CXCL1 was observed in the 

tumour tissue and urine of bladder cancer patients and correlates with high grade and 

invasiveness (Burnier et al., 2015; Miyake, Lawton, et al., 2013; Miyake, Goodison, et al., 

2013; Kawanishi et al., 2008). In addition, a high expression of IL8 (also known as 

CXCL8), another CXCR2 dominant ligand, also correlates with poor prognosis for bladder 

cancer patients (Reis et al., 2012).  

In contrast, in NMIBC, the level of IL8 could be used as a marker of early prognostic 

response for the BCG treatment (Thalmann et al., 2000). Patients with recurrence after 

BCG treatment have a lower level of IL8 compared to non-recurrence (Thalman et al., 

2000).  

Cxcr2 ligands are classified as ELR+ chemokines, meaning they are angiogenic factors, in 

contrast to ELR- chemokines, which inhibit angiogenesis (Jaffer & Ma, 2016). IL8, for 

example, has been shown to regulate the angiogenesis that leads to metastasis 

progression in human bladder cancer (Inoue et al., 2000). Therefore, targeting CXCR2 

function is likely to inhibit the ligation of the angiogenic factor that favoured the tumour 

growth in bladder cancer patients.  

One of the challenges in targeting neutrophils is that neutrophils may acquire 

compensatory receptor from Cxcr2 to Ccr2 in the presence of tumour pressure. 

Combination of small molecule CXCR2 inhibitor (SB225002) (Tocris Bioscience, UK) and 

small molecule CCR2 inhibitor (RS504393) (Tocris Bioscience, UK) was reported to 
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improve chemotherapeutic responses in pancreatic cancer mouse model (Nywening et al., 

2018).   

It was recently shown that bladder cancer patients treated with gemcitabine have high 

expression of CCR2 that promoted the recruitment of immunosuppressive monocytic-

MDSC population (Mu et al., 2019). 

It was also reported that anti-neutrophil and CXCR2 inhibitor could be used to augment 

the response of checkpoint inhibitors such as the PD-1 axis inhibitor (Steele et al., 2016). 

Zhou et al (2017) investigated the association of neutrophil infiltration and immune status 

in tumour samples taken from MIBC patients. Patients with low tumour-infiltrating 

neutrophils have higher activated cytotoxic T cells (CD8+) cells in the tumour and higher 

overall survival compared to patients with high tumour-infiltrating neutrophils. An increase 

in the number of tumour-infiltrating neutrophils was associated with a decrease in the 

chemokines associated for the recruitment and activation of T cells and natural killer cells, 

thus lack anti-tumoral response.  

The response towards anti-neutrophils or CXCR2 inhibitor may depend on the quality and 

quantity of the tumour-infiltrating immune cells. The potential usage of anti-neutrophil and 

CXCR2 inhibitor on bladder cancer patients should be evaluated based on; 1) The grade 

and stage of the bladder cancer and, 2) the status of systemic and local inflammation,  

such as the number of tumour-infiltrating neutrophils, tumour-infiltrating leukocytes (TILs), 

as well as the NLR, and the level of macrophages. 

Prolonged inhibition of neutrophils could lead to neutropenia, a life-threatening condition. 

Hence, a question remains to be addressed is how to effectively target only the pro-

tumour neutrophils without compromising the innate immunity response.  

8.4 Limitations 

8.4.1 The use of LysM Cre mouse model in studying the functions of 
neutrophils. 
The LysM activity also affects mature macrophages and CD11c+ splenic dendritic cells 

(Clausen et al., 1999), therefore not specific to neutrophil lineage. For a better specificity 

to this lineage, it would be useful to use the Catchup mouse model. It is a model with 

neutrophil-selective genetic ablation via locus Ly6G with a knock-in allele expressing Cre 

recombinase (Hasenberg et al., 2015). The Catchup model also expresses the red 

fluorescent protein tdTomato that could aid visualizing and tracking the neutrophils 

movement (Hasenberg et al., 2015). Moses and colleague (2016) have reported the use 

of Catchup model to study about the efficacy of neutrophil depletion using anti Gr-1 or anti 

Ly6G antibodies in the head and neck cancer model. The use of Catchup model has 
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allowed them to track the distribution and expansion of immature neutrophils during the 

course of neutrophil depletion in mice bearing tumours.  

8.4.2 Lack of metastasis formation  
In a pancreatic cancer model, neutrophils recruitment by Cxcr2 was shown to be pro-

tumorigenic and served as the primary source for metastasis colonization (Steele et al., 

2016). We were unable to investigate the effects of Cxcr2 depletion on establishment and 

progression of metastasis, as none of the mice in this study developed metastasis. 

Our preliminary data on the lymph nodes harvested from Cxcr2 flox mice with bladder 

tumour showed a higher presence of neutrophil population compared to lymph nodes from 

wt mice with a bladder tumour (unpublished). An increase in the neutrophil population was 

considered as a pre-metastatic condition (Jablonska et al., 2017). It will be interesting to 

evaluate whether the long-term suppression of Cxcr2 has an impact on metastasis 

progression in bladder tumour.  

Two potential approaches in establishing the metastatic model of bladder cancer are 

firstly by prolonging the carcinogen course and secondly, by orthotopic xenograft of Cxcr2 

flox tumour cells into immunocompetent C57Bl/6 mice. Several studies using transgenic 

mice treated with 0.05% (v/v) OH-BBN between 12 to 45 weeks have shown distant 

metastasis in the lymph nodes and lung (Said et al., 2013; Overdevest et al., 2012; 

Vasconcelos-nóbrega et al., 2012). For example, Said and colleagues (2013) have 

reported metastasis in the para-aortic lymph nodes (13%, n=46) and lung (5.8%, n=46) in 

the mice with genetic ablation of secreted protein acidic and rich in cysteine (SPARC) 

treated with 0.05% OH-BBN for 15 - 25 weeks. Thus, Cxcr2 flox mice could be treated 

with OH-BBN for the same duration (15-25 weeks) and with the humane endpoints of 

survival as follows; mouse displaying discomfort, distress or impair mobility such as 

hunching, ruffling of coat, reluctant to move and weight loss of ≥20 of initial weight.  

The use of organoid culture in mouse bladder cancer model has been reported previously 

(Saito et al., 2018). Saito and colleagues have managed to generate transplantable cell 

lines from OH-BBN-induced bladder cancer tumour which then engraft into C57Bl/6 mice, 

in order to study the significance of tumour-immune cell infiltration and the effect on PD-1 

axis inhibition.  

8.5 Overall conclusions 
1. FGFR3 mutation and Cxcr2 deletion on myeloid lineage enhanced carcinogen-

dependent bladder tumorigenesis by supressing acute inflammatory responses.  
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2. FGFR3 and CXCR2 are both upstream of PI3K pathway (Ornitz and Itoh, 2015; Gavard 

et al., 2009; Chen et al., 2005). PI3K signalling has been regarded as an important 

pathway for neutrophil recruitment and migration towards inflammatory sites (Cheng et al., 

2019; Hawkins et al., 2010). 

3. It is likely that neutrophils played the key immune regulator in exaggerating the effects 

observed in FGFR3-mutated and Cxcr2 flox mouse models at the acute inflammation 

stage as well as tumour-initiation, promotion and progression stages.  

4. Defect in acute inflammatory responses together with the accumulation of DNA 

damage due to the failure in the maintenance of senescence led to failure in resolving 

pathogenic inflammation.  

5. The transient increase in circulating and tissue-infiltrating macrophages at tumour 

initiation stage led to the establishment of the inflamed microenvironment in Cxcr2 flox.  

6. The inflamed microenvironment was sustained as the tumour progress in Cxcr2 flox 

with the possibilities of phenotypic changes of neutrophils recruited to the tumour 

microenvironment. 

7. The established tumour induced pro-inflammatory signalling to aid their growth and 

progression.  

8. Targeting neutrophils and Cxcr2 in a murine model of bladder tumour is possible         

but need further optimization to enhance the efficacy of drug/anti-monoclonal antibody 

deliveries.  

8.6 Future directions 
The questions that need to be addressed in the future include: 

1) What may have caused the discrepancy in the number of neutrophils identified based 

on morphology (H&E) with the neutrophils’ IHC markers (1A8, NIMP, MPO)?  

The discrepancy between the H&E and IHC markers at 20 weeks of the tumour samples 

might indicate a population of immature neutrophils that might lack the granular 

morphology. Further analysis and profiling of the neutrophils using multiplex 

immunohistochemistry for simultaneous identification of multiple neutrophil surface 

markers for immature neutrophils such as Cd101, c-KIT/Cd117 and Cd34 (Mackey et al., 

2019). 
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2) Can we distinguish the pro-tumoral and anti-tumoral neutrophils in Cxcr2 flox tumour by 

specific markers or gene expression? 

It will be useful to isolate and phenotype the tumour infiltrated neutrophils from Cxcr2 flox 

tumour by performing single-cell analysis such as RNAseq or by the analysing protein 

expression related to immune activities using flow cytometry (as discussed in 8.2.3) 

Additionally, the suppression activities of the isolated tumour-associated neutrophils from 

the Cxcr2 flox could be assessed by culturing the cells in vitro and perform the T-cell 

proliferation assay (Sionov et al., 2015). 

3) Does Cxcr2 has any roles in the metastasis in bladder cancer? 

As discussed in Section 8.4.2, the next task will be to find ways to induce metastatic 

progression in our bladder cancer model by using potential approaches such as by 

prolonging the carcinogen course and/or by orthotopic xenograft of highly metastatic 

tumour cells. Treatment with Cxcr2 inhibitor in mice bearing tumour and before the time-

point for metastasis will allow us to determine whether Cxcr2 play any roles in the initiation 

and metastatic progression. 

4) What contributes to the bladder tissue-specific role of CXCR2 and the neutrophils? 

Bladder-specific effects of Cxcr2 deletion can be assessed by using UroII Cre for the 

conditional deletion of Cxcr2 allele. 
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