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	Human papillomavirus (HPV) is now recognised as a major aetiological agent in the pathogenesis of oropharyngeal carcinoma (OPC). HPV-positive tumours are associated with better outcomes compared to HPV-negative tumours, possibly due to differences in their aetiology, immune responses and/or the tumour microenvironment. Increased numbers of tumour-associated leukocytes have been observed in many cancers including OPC, with variable influence on prognosis depending on the leukocyte subpopulation investigated. Whether, HPV-status influences leukocyte recruitment to OPC remains unknown. The main aim of this study was to examine if differences exist in the immune responses between HPV-positive compared to HPV-negative OPC by examining levels of infiltrated leukocyte sub-populations, and to further determine the molecular mechanisms driving leukocyte recruitment into these two distinct forms of tumours. 	
	Immunohistochemical staining of HPV-positive (n=40) and HPV-negative (n=19) OPC biopsies, followed by survival analysis showed that individuals with HPV displayed a distinct survival advantage. In terms of leukocyte abundance, HPV-negative OPC contained significantly (P<0.05) more neutrophils than HPV-positive tumours, whilst there was no difference in macrophage or T cell abundance between the two tumours except in the low expressive cases.   
[bookmark: OLE_LINK12][bookmark: OLE_LINK11][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK19][bookmark: OLE_LINK14][bookmark: OLE_LINK13][bookmark: OLE_LINK23][bookmark: OLE_LINK24]	A subsequent in vitro study examined differences in the chemoattractant capacity of HPV-positive and HPV-negative OPC cell lines to determine if these factors were implicated in the neutrophil, macrophage and T cell recruitment observed in vivo. Gene and protein expression analysis demonstrated that both monocultures of HPV-positive and HPV-negative cell lines, along with normal tonsillar fibroblasts (NTF), expressed low chemokine levels, whilst NTF cultured with conditioned medium from HPV-negative OPC cells expressed significantly higher levels of all chemokines tested compared to NTF incubated with the medium from HPV-positive OPC cell lines. HPV-negative OPC cell lines expressed the pro-inflammatory cytokines IL-1α & β mRNA whereas HPV-positive cells did not, and NTF constitutively expressed IL-1R. Pre-treatment with the IL-1R antagonist, Anakinra, or siRNA to IL-1R1 significantly reduced chemokine secretion from NTF stimulated with conditioned medium from HPV-negative tumour cells or recombinant IL-1β (P<0.05). Similar data was obtained when cells were cultured all together in a 3D-model of OPC. In addition, in a 3D co-culture model, treatment with Anakinra significantly reduced the chemokines and number of infiltrating leukocytes into the model compared to untreated 3D cultures. 
	Taken together, these data suggest that secretion of chemokines is driven by the interaction between HPV-negative OPC cells and stromal tonsillar fibroblasts through an IL-1/IL-1R-mediated mechanism that is less prominent within the HPV-positive tumour microenvironment. These observations may explain differences in leukocyte sub-populations recruited to HPV-positive versus negative OPC and indicate that HPV-status is a key determinant in controlling the inflammatory tumour microenvironment. Controlling leukocyte infiltration into HPV-negative OPC using Anakinra may be of potential clinical benefit. 
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1.1. [bookmark: _Toc521061257]Head and neck cancer 
1.1.1. [bookmark: _Toc521061258]Introduction
Head and neck cancer (HNC) is a heterogeneous group of malignancies arising from various regions of the head and neck. These regions include: oral cavity, nasopharynx, oropharynx, larynx, salivary glands as well as nasal and paranasal sinuses as demonstrated in figure 1.1. The vast majority of HNC arise from the squamous epithelium of the upper respiratory and digestive tract, so that the phrase head and neck squamous cell carcinoma (HNSCC) is frequently used to describe this group of cancers (Elliott et al., 2017, Edwards et al., 2017). 
HNC is ranked sixth most prevalent cancer worldwide (Wallis et al., 2015a, Siegel et al., 2015) and despite advances in surgical, radio- or chemotherapeutic modalities, prognosis remains disappointingly poor with high morbidity and mortality rates at ~ 50 % for five year survival (Murdoch, 2007, Coca-Pelaz et al., 2018, Siegel et al., 2015). The median of overall survival for advanced cancer cases (i.e. metastatic and/or recurrent cancers) is approximately one year (Price and Cohen, 2012). The different cancers of the HNC region hold many dissimilarities in their clinical behaviour and vary from anatomical site to site. 
HNC arises in four main anatomical sub-sites: the oral cavity, oropharynx, hypopharynx, and larynx may be affected. The oral cavity is identified by the lips anteriorly, the palate superiorly, and inferiorly by the circumvallate papillae. The oropharynx is outlined anteriorly by the circumvallate papillae and posteriorly by the pharyngeal wall. The hypopharynx is extended from the hyoid bone, to the cricoid cartilage. The laryngeal region is separated into supraglottic, glottic, and subglottic regions (Brockstein and Masters, 2006, Leemans et al., 2018). Owing to the complex anatomical location and the vital tumour-involved structures directed the objectives of treatment are not limited to improving survival, but also to conserving organ function (Argiris et al., 2008). Oral and oropharyngeal cancers are the most prevalent HNCs and present a major health public problem (Dwivedi et al., 2009, Bolt et al., 2017b). Therefore, a thorough understanding to the tumour nature and its microenvironment is paramount for improved HNC management.
[image: C:\Users\om\Desktop\Picture2.png]
Figure 1.1. Diagram showing the anatomical sites of head and neck squamous cell carcinomas (HNSCC). The majority of cancers arise from the lining epithelium of the following regions: oral cavity (tongue, floor of the mouth, buccal mucosa), oropharynx (soft palate, tonsils, base of tongue), nasopharynx, hypopharynx, larynx (supraglotis, subglotis, glottis). Adapted from (Zvonko Magic, 2013).
1.1.2. [bookmark: _Toc521061259]Risk factors for head and neck cancer
In HNC, both genetic and environmental factors play an important role in carcinogenesis. Age, medical status, hereditary, infective, oral hygiene, immune status and geographical factors may all play a part in carcinogenesis. The role of nutrition is controversial, with low consumption of fruits and vegetables linked to an elevated incidence of HNC and evidence of depleted retinoic acid supplements in active smokers also linked to increase HNC. In contrast, types of food containing high levels of vitamins C and E may give some protection against  HNC  (Saman, 2012, Kasper et al., 2015).
By far the most important risk factors for HNC are alcohol consumption, tobacco use (smoking or chewing), areca nut use, and infection from viruses such as Epstein-Barr virus (EBV) and human papillomavirus (HPV) particularly subtypes 16 and 18 (Ragin and Taioli, 2007, Marur and Forastiere, 2008). Alcohol consumption, tobacco use and areca nut have been associated with most forms of HNC, whereas EBV infection is mainly associated with nasopharyngeal cancer in specific regions of the world and infection with high-risk HPV mostly associated with oropharyngeal cancer (OPC). Danaei et al. (2005) found that the possible risk effects of mortalities for oral cancer in countries with low and middle income due to smoking were responsible for approximately 42 % death and alcohol 16 %. While, in countries with high income were much higher death accounting for 71 % due to smoking and 33 % for alcohol consumption. 
Risk of HNC associated with alcohol consumption include the genotoxic effects caused by the end product of ethanol metabolism; acetaldehyde, production of reactive nitrogen and oxygen species, inhibition of deoxyribonucleic acid (DNA) repair and production of DNA adducts. After long term exposure to these carcinogens, irreversible DNA damage may particularly affect key genes that regulate the cell cycle, leading to changes in gene expression and eventually improper mitosis. In addition, alcohol may exert its harmful effects either by directly damaging the oral mucosa or as a solvent for carcinogens from tobacco smoke, thereby augmenting the penetration of tobacco carcinogens into the epithelium and connective tissue (Pöschl and Seitz, 2004, Pai and Westra, 2009a). 
Increased HNC risk with smoking occurs from the consequence of tobacco carcinogens nitrosamines and polycyclic hydrocarbons that have effects on genes controlling the cell cycle or genetic polymorphisms in enzymes such as cytochrome P450 that detoxify or inactivate these carcinogens thereby increasing their likelihood of altering chromosomal DNA (Zhang et al., 2011). Additionally, synergistic use of both alcohol and tobacco amplify the risk of HNC development more than 10-fold (Gillison et al., 2000). Although alcohol consumption and smoking increase the risk of developing HNC, only a fraction of people who take part in these activities go on to  develop cancer, suggesting that genetic vulnerability plays a major role in the aetiology of HNC (Supic et al., 2011).
The risk associated with HPV is persistent HPV-infection with high-risk subtypes, in particular HPV16 (Sudbø, 2001, Ragin and Taioli, 2007). Persistent infection with high-risk HPV can lead to genomic instability in infected cells by deregulation of the cell cycle through inactivation of tumour suppressor proteins (Dahlgren et al., 2004, Wallace and Münger, 2018). Growing evidence confirms that HPV-related HNC are robustly associated with previous HPV-infection and the pattern of sexual behaviour (Pai and Westra, 2009a, Smith et al., 2004). About 20 - 25 % of the HNC are attributed to HPV and 70 % of the OPC are due to HPV, although this varies geographically.
1.1.3. [bookmark: _Toc521061260]Classification and staging of head and neck cancer
According to HPV-infection status, HNC is classified into HPV-positive and HPV-negative (any cause rather than HPV). So far, this is the only existing molecular HNC classification. Suh et al., suggested the demand for additional investigations to genetically classify HNC (Suh et al., 2015). The majority of patients with OPC (i.e. about 70 %) are HPV-positive (Kasper et al., 2015), therefore OPC can be further classified into virally and non-virally induced subtypes (Wallis et al., 2015b)

HNCs are staged according to the world health organization (WHO) by tumour node metastasis (TNM) system. Accurate staging of HNC is important to predict prognosis and aids treatment decisions (Huang and O’Sullivan, 2017). The newly published TNM 8th edition includes HPV-related OPC, separating the clinical and pathological TNM classification for HPV-positive/-negative OPC. The most significant difference of the new TNM from the former TNM 7th edition in relation to HPV-positive OPC is that HPV-status may provide  a prognosis before starting the treatment (Lydiatt et al., 2017). 
1.1.4. [bookmark: _Toc521061261]Epidemiology of head and neck cancer
By 2020, it is anticipated that approximately 833,000 and 151,000 new cases of HNC will occur worldwide and in Europe, respectively (Boscolo-Rizzo et al., 2018). HNC ranks sixth among the most common cancer types and is the eighth leading cause of death due to cancer worldwide (Warnakulasuriya, 2009, Ragin et al., 2007) (Figure. 1.2). There are extensive dissimilarities in HNC incidences by both sex (4:1 male to female ratio) and geographic region, the highest rate are located in the Indian subcontinent, eastern parts of Europe, Australia, Brazil, Southern Africa and some parts of the Pacific region (Warnakulasuriya, 2009, Ferlay et al., 2010). In 2015, there were a total of 12.061 cases reported in the United Kingdom with more than 50 % of the cases above 65 years of age (Ness et al., 2018, Beynon et al., 2018). 
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Figure 1.2. Prevalence and mortality rates for lip, oral cavity and pharynx worldwide. (A) Prevalence for 5 years and (B) Mortality rates of lip and oral cavity cancer worldwide in 2012. Data is shown as rates per 100,000 of the global population in both female and male, (Data obtained from GLOBOCAN 2012) (Cancer, 2012).

Recent statistics show that annually, 38-45,000 cases of HNC are attributed to HPV infection (Castellsagué et al., 2017, de Martel et al., 2017), with the majority of these cases presenting as OPC. The most recent pooled analysis data showed that 59.3 %, and 17.5 % in the USA, and Asia, respectively, which reflect extreme heterogeneity in the geographic prevalence of HPV-positive OPC (Anantharaman et al., 2017, Castellsagué et al., 2016). The incidence of HPV-positive OPC tumours in Europe and USA is increasing (Torre et al., 2015, Stein et al., 2015, Mehanna et al., 2016). Regional variations in Europe (41.4 %) are relatively pronounced with Southern European countries (24.2 %)  such as east of Italy showing a lesser proportion of cases  than Northern European countries (56.5 %) such as Sweden (de Martel et al., 2017, Baboci et al., 2016, Ndiaye et al., 2014).
The incidence of HPV-positive HNC is also increasing. Recently reported data showed that in UK there is significant increase in OPC with approximately parallel increase of cases due to HPV-positive and HPV-negative aetiology (Schache et al., 2016). In addition, recent retrospective studies have shown a significant increase of HPV-driven HNC over the last decades. In Netherlands, this rose from 5 % to 29 %  between 1990 – 2010,  Australia showed an increase from 19 % - 47 % between 1987 – 2005, and in United States showed a dramatic increase from 16.3 % for 1984-1989 to 72.7 % by 2000—2004 (Schroeder et al., 2017, Stein et al., 2015). The cause for this dramatic increase in HPV-related OPC is believed by many authors to be due to a change in the patterns of sexual practices that has occurred over the last few decades and mostly affects white males with a alcohol/smoking-history free (Marur et al., 2010b). Some data suggest that there is decline in the incidence of HPV-negative HNC (Hwang et al., 2015), which presumably is attributed to advancement in preventative strategies such as anti-smoking and alcohol campaigns, the movement in some Western societies towards non-tobacco methods of smoking (vaping) as well as improvements in preventative measures and some treatment modalities  (O'Neill et al., 2015). 
1.2. [bookmark: _Toc521061262]Human papillomavirus 
Virtually all cases of cervical cancer (>95 %) are attributed to HPV-infection, so that most of the information about this cancer causing virus has come from this area (Haedicke and Iftner, 2013, Xu et al., 2018). HPV is a non-enveloped, double stranded DNA virus that has the ability to cause infection in humans. It is exclusively an intraepithelial pathogen targeting epithelial cells of the cervix, oropharyngeal and oral cavity, anus and penis (Petros et al., 2016). Infection from HPV does not occur unless there is a break or abrasion in the epithelium as shown in figure 1.3 (Stanley et al., 2012), therefore the virus has limited capacity for entry to the epithelial layer (Scott et al., 2001). A prerequisite for the success of viral infection is to keep an intact basement membrane in order to evade the immune response. The virus has the capacity to evade the immune response while residing in the epithelial layer, whilst subepithelial exposures lead to activation of the adaptive immune response. To date, about 200 serotypes of HPV have been discovered and these are generally divided into low- and high-risk groups. At least a 10 % difference in the nucleotide sequences encoding the L1 gene (the major viral capsid component) is considered sufficient to confer a distinct HPV serotype from other HPV serotypes (Groves and Coleman, 2015, Peate, 2018). 
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Figure 1.3. Diagram demonstrating the human papillomavirus neoplastic progression in cervical epithelium. HPV infects basal squamous epithelial cells following a break or abrasion in or near the squamo-columnar junction. In the normal HPV life-cycle expression of early genes maintained low copy numbers that are mainly episomal (red nuclei). As infected keratinocytes replicate and daughter cells move into the suparabasal layer, expression of HPV gene products E6 and E7 disrupt cell-cycle and allow cells to re-enter the cell cycle and produce an expanded epithelium that present clinically as warts (blue nuclei). Migration of keratinocytes to the upper layers cause amplified replication of the HPV-genome to high copy numbers (may be thousands). Abbreviations: squamocolumnar junction (SCJ), low grade squamous intraepithelial lesion (LSIL), high grade SIL (HSIL), squamous cell carcinoma, HPV early gene expression (red nuclei), HPV late gene expression (blue nuclei), unaffected nuclei (grey colour). Adapted from (Groves and Coleman, 2015).
HPV-associated neoplastic progression in cervical epithelium. HPV may infect basal squamous epithelial cells following
micro-trauma, or may target cells at or near the squamo-columnar junction (SCJ), including epithelial reserve cells. In the normal virus
life cycle, HPV early gene expression is initiated (red nuclei), while the H PV genome is maintained at low copy number as an episome. As
infected basal cells replicate and daughter cells move into the parabasal layer, expression of virus oncoproteins E6 and E7 allow cells that
would normally differentiate to re-enter the cell cycle and produce an expanded epithelium. Migration of cells to the upper layers causes
increased replication of the virus genome to high copy number, with expression of the virus E4 gene and often the structural proteins L1
and L2. These events allow encapsidation of the episomes into infectious virions, which are then shed from/with the cornied surface. Such
completion of the virus life cycle is supported in a low-grade squamous intra-epithelial lesion (LSIL) but not in a high-grade SIL (HSIL),
where disease progression is associated with deregulation of virus early gene expression and loss of late gene expression. Squamous cell
carcinoma (SCC) arises when cells gain the ability to penetrate the epithelial basement membrane and invade the underlying stroma
HPV-associated neoplastic progression in cervical epithelium. HPV may infect basal squamous epithelial cells following
micro-trauma, or may target cells at or near the squamo-columnar junction (SCJ), including epithelial reserve cells. In the normal virus
life cycle, HPV early gene expression is initiated (red nuclei), while the H PV genome is maintained at low copy number as an episome. As
infected basal cells replicate and daughter cells move into the parabasal layer, expression of virus oncoproteins E6 and E7 allow cells that
would normally differentiate to re-enter the cell cycle and produce an expanded epithelium. Migration of cells to the upper layers causes
increased replication of the virus genome to high copy number, with expression of the virus E4 gene and often the structural proteins L1
and L2. These events allow encapsidation of the episomes into infectious virions, which are then shed from/with the cornied surface. Such
completion of the virus life cycle is supported in a low-grade squamous intra-epithelial lesion (LSIL) but not in a high-grade SIL (HSIL),
where disease progression is associated with deregulation of virus early gene expression and loss of late gene expression. Squamous cell
carcinoma (SCC) arises when cells gain the ability to penetrate the epithelial basement membrane and invade the underlying stroma
The viral particle capsid is approximately 50 nm in diameter and is icosahedral in shape. The genome of HPV is approximately 8 kilobases (kb) in size and the viral DNA is complexed with histones of host cells (McKaig et al., 1998). It consists a total 9 genes that encode seven early (E) and two late (L) proteins (Ganguly and Parihar, 2009) as shown in figure 1.4. The two late genes encode the viral capsid structure, L1 is the major component of this capsid structure, while L2 has minor contribution, (McKaig et al., 1998). The L proteins are essential for virion formation, spread and transmission. As well as encapsulating the genetic material of the virus, the capsid also mediates host entry by binding to heparin sulfate proteoglycans in the epithelial basement membrane via the capsid structural protein L1 to activate endosomal absorption (Favre et al., 1975, Cerqueira et al., 2013). The early HPV protein-genes regulate the viral life-cycle, control cell mechanism for replication, transcription and translation of the HPV-proteins (Yu et al., 2010a, Fang et al., 2006).
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Figure 1.4. Schematic presentation demonstrating the genomic organization of HPV-16. This high-risk HPV serotype is known to be the main causative agent of HPV-positive OPC; early genes E1 - E7, late genes L1 - L2 (capsid). The HPV genome is double-stranded DNA circular structure. The genes are transcribed in clockwise. The non-structural proteins are E1-7 and the structural proteins are L1, L2 and long control region (LCR). LCR contains the DNA and works as regulator for DNA-replication. Adapted from (Kajitani et al., 2012).
Virally-infected keratinocytes must progress to superficial layers of epithelium layer prior virion release can happen. In fact, L1 production is controlled by the maturation of the basal cells to more superficial epithelium cells. For this reason stronger L1 expression is seen in the superficial epithelium layers (Yu et al., 2010b). At this stage thousands of viral-copies per each keratinocyte can be detected (Gadducci et al., 2013).
Table 1.1 summarizes the function of each viral-protein. Generally, E proteins are mostly involved in controlling viral replication. E1 acts as helicase, separating the DNA strand of the virus, enabling viral reproduction to take place by host cell factors (McKaig et al., 1998). E2 represents the main transcriptional regulation factor and joins the virus and host DNA together (Seo et al., 1993). E2 has another important role in down-regulating the oncoproteins E6 and E7 proteins  (Lazo, 1999, zur Hausen, 1999), so that inactivation of E2 leads to over-expression of E6 and E7 (Huang et al., 2010). The role of E3 has yet to be fully identified.  E4 is expressed after E1-3 and has a role in disruption of the host cytoskeleton filaments to assist viral particles release. E5 is oncogenic in some mammalian papillomavirus types and poses destabilization effect in the human cells, allows non-stop uncontrolled proliferation and prevents cell differentiation. E5 in the early stages of infection can cause up regulation of the epidermal growth factor receptor (EGFR) expressed by keratinocytes (Doorbar et al., 1991, zur Hausen, 2002b).  
E6 and E7 are oncogenic proteins and are responsible for deregulation of the cell-cycle (Huang et al., 2010, zur Hausen, 2002b) as demonstrated in figure 1.5. Both of these oncogenic proteins work mainly on p53 and Rb (tumour suppressor proteins) (Ganguly and Parihar, 2009, Werness et al., 1990, Vozenin et al., 2010). E6 is complexed with E6-associated protein (E6-AP) that is later complexed with p53 to stimulate its ubiquitin-mediated degradation (zur Hausen, 2000, Lazo, 1999). E7 complexes with hypo-phosphorylated Rb that in turn binds with E2F (Lizano et al., 2009). When E7 interacts with Rb it leads to the release of E2F, which, in its free form, promotes DNA synthesis along with cell cycle progression (McKaig et al., 1998). Release of E2F by Rb only occurs because of phosphorylation, most notably via cyclin-dependant kinase (CDK4) that is stimulated during cell replication (Li et al., 1994).
The functional disruption of both p53 and Rb results in the loss of vital pathways in cell-cycle regulation. p53 usually acts to keep the cell at the G1/S regulation point where DNA injury is distinguished and this protein mediates DNA repair, and when appropriate activates apoptosis. Free E2F takes part with this process by inducing genes linked to cell-cycle progression and turnover (Lazo, 1999). It is essential to note that there are some controversies about the action of E2 protein, in addition to its role in repressing E6 & E7 viral-proteins, E2 also has the ability to keep the host cells in S-phase that allow virus to replicate.
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Figure 1.5. Schematic diagram showing the effects of HPV oncogenic proteins on the host cell cycle. HPV-oncogenic proteins E6 and E7 primarily bind to the genes encoding tumour suppressor proteins p53 and pRB, cell cyclins, and cyclin-dependent kinases. The E6 binds to p53 and targets it by cellular ubiquitin ligase. As a result, p53 that controls G1, apoptosis, and DNA repair are abrogated. The E7 binds to the hypophosphorylated RB and disrupts the complex between pRB and E2F-1. The E7 can also bind other mitotically cellular proteins such as cyclin. The outcome is stimulation of cellular DNA synthesis and unchecked continuous cell proliferation. Adapted from (Burd, 2003).

	HPV proteins
	Proteins function

	L1
	Major capsid structural protein

	L2
	Minor capsid structural protein and contributes to viral DNA localization to the host cell nucleus.

	E1
	Starts replication of HPV-genome, activates helicase, keeps HPV-DNA episomal

	E2
	HPV transcription, DNA replication and segregation of viral genomes.

	E3
	No function for this protein known yet.

	E4
	Assist packing of HPV genome, maturation of viral particles and interaction with RNA helicase.

	E5
	Interacts with EGFR, activates PDGF receptor. Oncoprotein activity, permits non-stop proliferation of the host cell and prevents differentiation.

	E6
	Inhibits normal regulation of the cell replication, degrades p53 in the presence of E6-AP. Interaction with several host proteins and major oncogenic protein.

	E7
	Inhibits normal regulation of the cell replication, binds to RB, interacts with several host proteins and major oncogenic HPV-protein.

	E8
	No function for this protein known yet.



Table 1.1. Function of  HPV late and early proteins (Petros et al., 2016).
1.2.1. [bookmark: _Toc521061263]Routes of HPV transmission 
Currently, HPV-infection is considered the most infectious sexual transmitted disease. However, the incidence of carcinogenesis by high-risk HPV infection in HNC varies from 0–100 % (Zvonko Magic, 2013). In addition, virtually all cervical malignancies are related to HPV (Watson, 2005).
1.2.1.1.  Prenatal
HPV-infection can be transferred from the mother to the infant through the genital tract during partition. Transmission through this route is uncommon, and an asymptomatic child does not mean lack of infection, as the viral-latent period may take decades. However, HPV types -6 and -11 spread from vaginal warts during delivery can yield Juvenile-Onset Recurrent Respiratory Papillomatosis (JORRP) although this is rare (Sinal and Woods, 2005).
1.2.1.2.  Genital infection
Most HPV-infection is attributed to sexual intercourse in adolescent females or in other sexual practices such as oral and anal sex mainly due to contacts of genital tissue (Burchell et al., 2006).
1.2.1.3.  Hands
Research has shown that HPV-infection can occur between sexually active individuals by hand contact (Hernandez et al., 2008); however the spread of HPV-infection through hand-genital contact is an often neglected route of transmission (Winer et al., 2010). 
1.2.1.4.  Sharing objects
Virally-infected (contaminated) objects, in particular sex toys, may transmit disease (Tay, 1995), although transmission via this route other than sexual contact is not frequent (Burchell et al., 2006).
1.2.1.5.  Blood
HPV-infection cannot be spread via blood since the infection occurs through skin contacts or mucosal break. However, researches have shown the presence of HPV DNA in the individual’s blood with HPV-positive cervical cancer (Bodaghi, 2005). The detections of HPV-DNA raise the possibility of infection by patterns other than a sexual route (Chen et al., 2009). Even though, HPV in blood is not similar in detection of the virus in cellular DNA, furthermore, it is unproven if HPV can reside in the blood of infected individuals (Krueger et al., 2010).
1.2.1.6. Surgery
HPV can be spread in health centres, particularly to medical employees, by the orally-acquired route during laser or electro-cautery application from surgical treatment of lesions caused by the virus although this is rare (Watson, 2005).
1.2.2. [bookmark: _Toc521061264]HPV-infection and pathogenesis in head and neck cancer
From the time of HPV-16 discovery in the 1970s, a role for HPV in malignancies was proposed (Zur Hausen, 2002a). The role of HPV in HNCs has been investigated since the 1980s by Harald Zur Hausen, since then E6 & E7 appeared to be the key players in the pathogenesis of HPV-related cervical cancer (Syrjänen, 2005). HPV-infection is a considerable threat since it is responsible for 4.8 % of human cancers (Forman et al., 2012). The majority of HPV-infections are transient and asymptomatic (zur Hausen, 2009). Moreover, most infections are removed by immune defence mechanisms in about 18 months (Stanley, 2008). There is much data supporting the relationship of HPV-oncogenic proteins with OPC (Hill, 2015). 

HPV is generally classified into low- and high-risk groups (Singh et al., 2017). The persistent infection from high-risk HPV has the ability to cause oncogenic change within the tongue and tonsils mainly of the oropharyngeal areas. The main oncogenic HPV high-risk types that associated with development of carcinogenesis are HPV-16 and HPV-18 (Broglie et al., 2015). HPV-positive carcinogenesis effects starts with degradation of tumour suppressor proteins such as p53 and Retinoblastoma (Rb) promoting p16 over expression, while carcinogenesis due to alcohol and smoking (HPV-negative) occur via mutation and deactivation of p53 and p16INK4 genes (Pai and Westra, 2009b). Table 1.2 summarizes the differences between HPV-positive and HPV-negative HNC. The low prognosis in HPV-negative cancers may be attributed to severe modulation of the immune system and tumour microenvironment (Duray et al., 2010); however the immune response associated with this phenomenon is unclear.
	Features
	HPV-positive HNCs
	HPV-negative HNCs

	Predilection site 
	Oropharyngeal area
	Non

	Incidence 
	Increasing/ ~ 50 % in UK
	decreasing/ ~ 50 % in UK

	Aetiology
	HPV (oral sex) 
	Smoking and alcohol

	Field of cancerization 
	Not known
	Yes

	TP53 mutations 
	Infrequent
	Frequent 

	Prognosis 
	Favourable
	Poor

	Age
	below 60 years 
	over 60 years 



Table 1.2. Differences between HPV-positive/-negative HNCs characteristics from the clinical and biological view (Leemans et al., 2011, Schache et al., 2016).
1.3. [bookmark: _Toc521061265]Molecular mechanism of HPV-positive and HPV-negative carcinogenesis
Cancers related to HPV-infection are considered as a biologically distinct disease entity and hold different molecular etiologic process than HPV-negative cancer (Suh et al., 2015). As aforementioned, viral-proteins E6 and E7 are known to play a critical role in developing HPV-positive cancer (figure 1.5). The main consequences of the oncogenic protein E6 and E7 are loss of the tumour suppressing functions of p53 and Rb, respectively. In HPV-negative HNC exposure to chemical carcinogens, principally from tobacco and smoking, lead to genetic aberration resulting in mutational loss of p53 and Rb/p16 function (Heffernan et al., 2010).

It is generally accepted that head and neck carcinogenesis is multistage process, starting with chromosome translocations and gene mutations thought to occur during the stages of carcinogenesis. In HNC the accumulation of genetic mutations in epithelia may present clinically as pre-malignant lesions that progress to carcinoma in situ and later invasive cancer as shown in figure 1.6. In HPV OPC there is currently limited evidence for clinically evident premalignant lesions (Kreimer, 2014, Califano et al., 1996a). In HPV-negative, early aberrations occur in the gene p53 (TP53) encoded on chromosome 17p13 and p16 encoded in chromosome 9p21  (Califano et al., 1996b, Braakhuis et al., 2004b). Loss of heterozygosity at chromosome 3p21 is also involved in the early events of tumour suppressor protein loss of function mapped to that locus (Braakhuis et al., 2004). Chromosome 3p has been shown to also be affected during the early stages of cancer development, in which 3 separate regions corresponding to tumour suppressor loci are influenced (Wu et al., 1997). Later events in alterations in the chromosome regions include 13q (the chromosome housing Retinoblastoma (Rb) and locus 11q133 that encods Cyclin D1 (a proto-oncogene) (Califano et al., 2000, Califano et al., 1996b). A noticeable feature, in HPV-negative carcinogenesis is loss of large portions or entire chromosomal arms resulting in large deletion (Braakhuis et al., 2004).
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Figure 1.6. Schematic diagram demonstrating the histological/genomic progression of HPV-negative HNC. Histopathological progression associated with the genetic changes of HNCs depending on allelic loss. Genetic changes have been positioned showing the timing of the particular event. It is build up of changes, not essentially the order, which is important. A small benign hyperplastic lesion with 9p2l or 3p2l loss might give rise to dysplasia. The tumour suppressor genes include p53 and retinoblastoma in addition to the proto-oncogene cyclin D1 (Califano et al., 1996a).

In contrast, HPV-positive carcinogenesis is initiated with a smaller amount of genetic events. In addition, more conservative genetic aberrations occur in HPV-positive OPC in comparison to the gross deletions observed in HPV-negative OPC. In HPV-positive OPC, deletions on chromosomes 17p, 9p and 13q are not necessary for carcinogenesis owing to the effects of HPV-oncogenic proteins E6 and E7. Furthermore, unlike HPV-negative OPC, aberrations on chromosome 3p are uncommon in HPV-positive OPC. However, this is not easily illustrated by the classical functions of E6 and E7. It is important to note that these proteins may have more inhibitory actions on the tumour suppressor proteins encoded on these chromosomes due to the small genetic aberrations noticed  (Braakhuis et al., 2004).

In cervical cancer the expression of E6 and E7 is regarded important, but not enough alone, to immortalize cells without additional genetic mutations. The aforementioned features related to HPV-carcinogenesis would imply this is also true in OPC, with HPV-infected cells requiring successive gene mutations for progression (zur Hausen, 2000, Subramanya and Grivas, 2008).
Losing the activity of both p53 and pRb tumour suppressor proteins is similar to the gene mutations observed in HPV-negative OPC, because cell proliferation is allowed proceed unchecked. In high-risk HPV, E7 causes more instability at cell division by stimulating centromere over-duplication during cell division, which is an independent effect of its action on pRb. The accumulation of these relatively small changes on the chromosome (in size and number in comparison to large deletions in the HPV-negative OPCs) eventually lead to changes in cell phenotype from dysplasia to carcinoma in situ, and then invasive carcinoma (Chow et al., 2010).
The ability of E6 to stimulate telomerase through increased activation of the hTERT promoter has emerged as one of the key functions of HPV-oncogenic protein E6. The activity of telomerase is considered as independent of the effects of  E6 on p53, and has been found as a central process in combination with p16 abrogation for immortalization (Van Doorslaer and Burk, 2012). However, this finding is not supported by all authors. Away from the virally-induced immortalization, the increase in telomerase activity has been linked with increased risk of cervical cancer (Vega-Peña et al., 2013). Moreover, telomerase has been found to be reactivated in approximately 90 % of cancers (Kim et al., 1994), and repressed in mortal tissue. Therefore, telomerase activity induced by E6 protein is regarded clinically significant biomarker that may contribute for promotion of carcinogenesis.
HPV integration into the host chromosome, especially in cervical cells, has been implicated with carcinogenesis (McKaig et al., 1998). The main effect of integration is loss of E2 leading to expression of E6 and E7 later on as previously mentioned (in viral-proteins function). HPV integration into host DNA does not occur in benign lesions where HPV DNA is episomal and found in low copy numbers in the cells (Chow et al., 2010). During the process of keratinocyte differentiation and progression to the upper layers of the epithelium, E2 expression stops, allowing florid viral proliferation and viral particle release (Chow et al., 2010).  By limiting viral replication in the basal layers, the virus immunogenicity remains minimal in an attempt to avoid the immune response. This has a host cell advantage by avoiding the potential mutagenic actions of HPV E6 and E7 onocproteins (Yugawa and Kiyono, 2009).
It is presently unclear as to whether the actions of E6 and E7 are the only mechanism by which HPV has oncogenic actions. It is plausible that the insertional site of HPV integration may lead to genetic aberrations that lead to carcinogenesis, but this is still matter of debate (Wentzensen et al., 2004). A systematic review of integration sites of HPV into the host chromosomes in cervical dysplasia and invasive cancer found randomly distributed integration sites spread across the host genome, although these was evidence of preferential integration at common fragile sites. Findings included in the systematic review support this, specifically for HPV-16, the viral type mostly implicated with OPC (Thorland et al., 2003). Subsequent studies have supported these findings with integration sites commonly occurring around cytogenetic bands 4q13.3, 8q24.21, 13q.22.1 and 17q2.1 (accounting for 23 % of the integration detected). Moreover, in cervical cancer cell lines, a common viral-DNA integration site was found in the region 8q24, the site of c-myc, a gene that has profound effects on the cell cycle. However, these findings still to be verified and if insertion at this site is associated with OPC (Krause et al., 2008, Peter et al., 2010). 
1.4. [bookmark: _Toc521061266]Head and neck cancer diagnosis and HPV-status detection 
There is no worldwide standardized diagnosis regime for HNC. Traditionally, patients are visually inspected, a biopsy taken if necessary and the histological sections from this examined microscopically to confirm diagnosis. Imaging screening test, such as computed tomography (CT-scan) and magnetic resonance image (MRI) to determine the stage and even the metastasis to another area (secondary tumour) (Argiris et al., 2008). Concerning the HPV-status, there is a wide differences worldwide of OPC linked to HPV-infection, with percentages  ranging  from 18 % to 72 % (Mirghani et al., 2014). 

The main objective of any HPV detection test is to recognize the presence of HPV and its true implications in oncogenesis. A precise, feasible and cost effective test is essential for HPV-positive/-negative OPC determination. The integration status of HPV within host cells may have important implications as integration is linked to carcinogenesis. Biological assays to determine integrated versus episomal HPV presence have been developed but these tend to be complicated to perform and are non-high throughput. However, the presence of HPV or the expressions of proteins in response to the functional actions of HPV have emerged as valid biomarkers in the last years in OPC patients. These biomarkers enable the determination of the existence of the virus footprint at onset and during different steps of the disease, and may provide insights into required patient treatment regime (Bishop et al., 2012, Gloghini et al., 2015, Mills et al., 2017). 

Although a number of HPV-status assays are currently available, none offer 100 % sensitivity and specificity when used as a single test (Volpi et al., 2017).  For these reasons, step wise assays combining various approaches for the detection of HPV-status is the method of choice. These approaches include p16 IHC staining, DNA in situ hybridization (ISH) to detect presence of HPV-DNA, and polymerase chain reaction (PCR) (Ciniselli et al., 2016, Rooper et al., 2016).  
These first two assays are usually performed to accurately determine the presence of transcriptionally-active HPV in formalin-fixed paraffin-embedded (FFPE) patient biopsies (Mendez-Pena et al., 2017, Mirghani et al., 2016). IHC for p16 is used as a surrogate marker for HPV presence and is interpreted as either positive or negative. However, false positive results from HPV-negative cancer have been reported. Moreover, several investigators have found that some HPV-positive tumours did not over-express p16 (Smeets et al., 2007, Adelstein et al., 2009, Allen et al., 2010, Weinberger et al., 2009). In situ hybridization assesses the absence or presence of hybridization signals within cancer cell nuclei based on the presence of HPV DNA or mRNA depending on the probe. PCR has been used to detect HPV in oropharyngeal rinse and gargle samples that contain epithelial cells, often to detect the prevalence of HPV.  PCR also works well in fresh samples and demonstrates the presence or absence of viral DNA and amplification depending on the number of the viral copies within the infected cell. Determination of the HPV status within the tumour biopsy is complicated, because many testing procedures for HPV involvement are not 100 % perfect. For example, no blood-born phase of HPV-infection is evident during carcinogenesis so detected in either serum or blood cannot be used clinically. 
Many of the aforementioned procedures detect presence of the virus but do not determine low or high risk types. Further tests are required such as type-specific PCR or ISH, next generation sequencing and INNO LiPA HPV genotyping to obtain this information (D'Souza et al., 2007). Genotype specific HPV-infection categories are, low-risk (LR-HPV) types such as 6- 11- 42- 43- 44- and 70 that generally cause warts, while the high-risk (HR-HPV) types 16-18- 31- 33- 35- 39- 45- 51- 52- 53- 54- 56- and 58 are associated with malignancy (Massad et al., 2013, Rautava et al., 2012).
1.5. [bookmark: _Toc521061267]Prognosis of HPV-positive versus HPV-negative OPC 
The significant favourable prognosis of HPV-positive OPC is well recognized by meta-analysis of several studies (Gillison et al., 2000, Fakhry et al., 2008, Yuanyuan et al., 2015). At first it was hypothesized that the improvement seen was attributed to increase tumour radiosensitivity, and although HPV-positive OPC are more responsive to radiotherapy, improved prognosis of these tumours also appears to happen after surgery (Fischer et al., 2010, Licitra et al., 2006). The current view is that the favourable results of HPV-positive are mostly attributed to the lack of genetic aberration expressed in HPV-positive compared to HPV-negative OPC (Braakhuis et al., 2004a). The persistence of wild-type genes TP53 and RB are thought to support the altered behaviour in treatment responses. It has been proposed that cellular insult as a result of radiotherapy might prepare the cell to overcome the effects of HPV-oncogenic proteins, permitting p53 expression to re-establish (Mirghani et al., 2015). However, a study performed using siRNA to transfect TP53 in cell lines expressing E6/E7 resulted in increasing radioresistance (Kimple et al., 2013).

Even with the effects of HPV-infection on therapeutic success, specific effects have also been reported. Recently, Gubanova et al. (2012) found that the tumour suppressor protein Serine/threonine-protein kinase (SMG-1) is down regulated in a small cohort of HPV-positive OPC patients that is responsible for DNA surveillance. Indeed, down regulation occurred in HPV-negative cell lines and normal keratinocytes as well in response to E6/E7 transfection. Gubanova et al showed that, in vitro, up regulation of SMG-1 in HPV-positive cells led to decrease radiosensitivity, while down regulation of SMG-1 in HPV-negative cell lines results in increasing radiosensitivity. SMG-1 is one of many regulators of DNA-damage responses and it is itself stimulated by ionising radiation (Brumbaugh et al., 2004). In cases lacking SMG-1, the accumulation of irreparable DNA activates apoptosis; down regulation of SMG-1 in HPV-positive cells might provide an explanation for HPV-positive radiosensitivity.

Immune responses may also provide an explanation for the HPV-positive cancer favourable prognosis. It was proposed that radiotherapy might be the reason in an amplified immune response by several potential pathways. These pathways include: increased antigen presentation due to uptake of necrotic viral-infected cells; enhanced penetrations of leukocytes to the tumour mass as a consequence of reduction in cellular adhesion post-radiation therapy; up regulation of major histocompatibility complex (MHC-I) along with of pro-inflammatory cytokines like tumour necrosis factor (TNF) that may reverse HPV-tolerance (Vu et al., 2010). Alterations in HPV antigenicity because of treatment might also give explanations for the improvements in prognosis shown in surgical intervention of HPV-positive tumours. Local inflammatory reactions to the tissue caused by the trauma of excision. The immunity will also be influenced in the same way as a result of cellular contents released at the incomplete surgical margins.

The prognostic benefit of a HPV-positive status is reduced with heavy smokers and advanced stage. A study performed by (Ang et al., 2010) proposed that there is an intermediate group for favourable prognosis that lay between non-smoker HPV-positive/negative cancers in heavy smokers. The mechanism through which superior outcome is diminished in this intermediate group is unclear. However, it may be attributed to a change in cellular process generated by tobacco exposure that is affected by therapy. Alternatively, it might represent more genetic aberrations that cannot be targeted with a standardized treatment. This may offer an opportunity for the development of stratified regimes for patients with OPC by validating the risk factors.

Cancer cell repopulation following radiotherapy also important in HPV-positive OPC. Signalling cascades that drive cancer cell survival or proliferation might be an aspect of radioresistance. Inconsistent data, reported the degree of epidermal growth factor receptor (EGFR) signalling in HPV-positive/-negative cancers, even though experimental studies suggested that EGFR signalling is less active in HPV-positive OPC (Mirghani et al., 2015, Gupta et al., 2009). 

The potential for phenotypically less aggressive HPV-positive OPC should be taken into consideration, which by virtue are quicker to respond to therapy. Lack of field cancerization is well recognised in HPV-positive OPC and may contribute, in part, to improved prognosis (Klozar et al., 2010). The reasons of survival benefit will have implications on provision of therapeutic target because HPV-infection may eventually be an independent prognostic aspect. 

1.6. [bookmark: _Toc521061268]Head and neck cancer tumour microenvironment 
HNC is a complex mixture of tissue components including epithelial cells, cancer cells and a number of other cell types that make up the surrounding stroma (Koontongkaew, 2013). Collectively, these cells and non-cellular components are termed as tumour microenvironment (TME) (figure 1.7). Currently, much effort has been exerted to characterise the TME in order to understand its role in tumour growth and progression (Stone et al., 2014, Koontongkaew, 2013, Junttila and de Sauvage, 2013). Cancerous tissue is a mixture of epithelial carcinoma cells as well as connective tissue known as the stroma. The stromal tissue is composed from cellular and non-cellular components. The cellular fraction includes cells involved with tissue architecture (fibroblasts), the inflammatory response (immune cells), and in angiogenesis (pericytes, endothelial cells and smooth-muscle cells), while the major non-cellular part of stroma is the extracellular matrix (ECM) that is composed of many proteins, such as  collagen, laminin, fibronectin and proteoglycans (Miles and Sikes, 2014). Other non-cellular elements include nutrients, growth factors as well as oxygen and pH gradients.
The ECM provides architectural support for the tissue and is principally maintained and regulated by fibroblasts that can transform into cancer-associated fibroblasts (CAF) in cancer conditions. Evidence suggests that fibroblasts and some other cells types are activated and converted to CAF by factors released from the cancer cells or other stromal cellular components (De Kruijf et al., 2012). In healthy oropharyngeal tissue, the basement membrane that is composed of proteins, like laminins and collagen, makes a thin barrier layer between the stromal and epithelial tissues components (Kriegebaum et al., 2012). Conversely, in OPC, the cancerous cells breach the basement membrane, leading to the mixing of both stromal and cancer cell populations. It has been shown that stromal and cancerous cells are in cross talk and have the ability to create a microenvironment that is conducive to their own progression (Cirri and Chiarugi, 2012, Kalluri and Zeisberg, 2006a). 
The cancer cells stimulate and activate stromal cells to adjust angiogenesis, inflammatory reactions, and then progression. This interaction enhances the secretion of factors such as inflammatory mediators, cytokines, chemokines, matrix metalloprotienases (MMPs) and growth factors (Mueller and Fusenig, 2004, Koontongkaew, 2013, Calon et al., 2014, Pan et al., 2015). The concept of the tumour-stroma cross talk and the microenvironment niche has focused cancer studies on TME components in order to facilitate the understanding of the underlying mechanisms that endorses cancer malignancy and open up new strategies for therapy in HNC (Koontongkaew, 2013, Curry et al., 2013).
Evidence gathered over the last decade suggests that CAF have an important role in cancer establishment. However, the precise mechanisms by which they do so remains to be elucidated (Kalluri and Zeisberg, 2006a). It is generally accepted that the heterogeneity of CAF is not genomic (i.e. not coming from DNA sequence changes). Instead, these changes in phenotype are epigenetic and therefore due to modifications of gene expression. This concept of CAF genetic stability makes these cells less prone to acquire resistance from pharmacological therapy that is frequently encountered with the genetically unstable cancer cells. For this reason a plethora of researches have focused on CAF and their potential as a therapeutic target and prognostic biomarker (Hassona et al., 2013). 
Additionally, and equally important, HPV-positive cancers possess a mild TME than HPV-negative cancer which appears to be more active, and not causing cell lyses neither clear tissue, since the activated TME tends to be linked with aggressive cancer nature (Bolt et al., 2017b, Boccardo et al., 2010). There is accumulating data to show that inflammation plays a considerable role in HNC carcinogenesis. For these reasons determining if the presence of HPV influences inflammatory pathways in carcinogenesis or tumour progression is important.
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Figure 1.7. Schematic diagram showing the main components of the HNC tumour microenvironment. These components include cancer cells (light blue), fibroblasts (green), immune cells (pink Macrophage, T cell and Neutrophil), neurons (blue), adipocyte (yellow), muscle fibres (light serrated pink), blood vessels (light red), lymphatic vessel (orange) and pericytes (grey). Adapted from (Prajapati and Lambert, 2016).
1.6.1. [bookmark: _Toc521061269]Role of immune cells in head and neck cancer 
In 1863 Rudolf-Virchow noted infiltrations of large numbers leukocytes into tumours (David, 1988). Since then, further data suggested an association between the presence of immune cells and cytokines in tumour/stroma and cancer progression (Mueller and Fusenig, 2004, Balkwill and Mantovani, 2001). The immune system in cancer has been described as a ‘double-edged sword’ (Tang et al., 2018). From one side immune cells attempt to eradicate the cancer cells, while on the other side adverse functions of these cells in the tumour environment can promote cancer progression (Yu et al., 2007). Data have shown that transformed cancer cells escape the immune surveillance in order to initiate tumour progression (Sakakura and Chikamatsu, 2013). The cancer cells then orchestrate an environment favourable to their survival and continuation. It is generally accepted that tumour cells coordinate the tumour microenvironment in a similar manner to that observed in chronic inflammation, providing factors that promote tumour growth and survival (Whiteside, 2006). Different leukocytes play distinct roles in the immune reaction; neutrophils are the first recruited-leukocytes to arrive at the inflammatory site, followed by monocytes and lymphocytes. These cells are also recruited to the tumour microenvironment by chemokines. 
1.6.2. [bookmark: _Toc521061270]Roles of cytokines/chemokines in shaping the head and neck cancer 
Cancers are increasingly recognized as a complex environment composed from various cell types that communicate in a complicated signalling network. It is essential to fully understand the cancer by comprehensively understanding the role of each cell type and how they interact within the tumour microenvironment. This involves understanding the cross talk among cells in the form of chemokines and cytokines and how these proteins exert their effects (Chow and Luster, 2014). Chemokines are small proteins ranging from 8-14 kDa, that have the ability to regulate cell trafficking by interactions with subtypes of seven transmembrane G-protein coupled receptors (GPCR) (Karin and Wildbaum, 2015). Chemokines are classified into four subgroups depending on the location of the first two N-terminal cysteine residues. These include CC, CXC, CX3C and XC subgroups. Currently, about 50 chemokines and 20 chemokine GCPRs have been identified (Bachelerie et al., 2014, Zlotnik et al., 2006). 
The expression of various chemokine receptors by leukocytes, under particular conditions, leads to their selective recruitment into target tissues that are tailored to the infecting pathogen or abnormal insult (Frangogiannis, 2018, Griffith et al., 2014). This enables leukocytes to play a pivotal role in inflammation. Chemokines can be either pro- or anti-inflammatory, inducible, secreted proteins and are implicated in a diversity of immune responses, acting mainly as chemoattractants along with activators of leukocytes. Chemokines are secreted by numerous cell types, including cancer cells, tumour stroma cells (fibroblasts), cells that comprise the vasculature as well as leukocytes themselves.  Much data have reported the contribution of chemokine signalling in tumour growth and metastasis (Wang et al., 2009, Zlotnik, 2006).
Generally, CC chemokines are attractants for cells of the myeloid lineage, lymphocyte sub-sets, eosinophils, natural killer (NK) cells and dendritic cells (DC). CXC chemokines are attractants for neutrophils as well as B- and T-lymphocytes subsets (Koelink et al., 2012). CXCL8 is the main chemoattractant for neutrophils and these cells have been associated with poor prognosis, increased tumour angiogenesis and metastasis (Tazzyman et al., 2013).  Christofakis et al. (2008) found that, in vitro, HNC cells over-expressed CXCL1 and CXCL8, and suggested targeting these chemokines in pre-clinical experiments. Aside from chemoattraction, some studies have shown that chemokines are involved in the polarization of CD4+ T cell subtypes that is associated with good prognosis (Zohar et al., 2014, Wildbaum et al., 2002). Elevated levels of tumour-associated macrophages (TAM) are frequently, although not at all times linked with unfavourable outcome. TAM was associated with abundance of CCL2 (MCP-1) in experimental and human in various cancers, such as  breast, ovarian pancreatic cancer and  HNC (Solinas et al., 2009, Li et al., 2014). 
Hamad et al. (2011) found that a number of pro-inflammatory cytokines were significantly expressed in serum and saliva of patients with HNC; including IL-1α, IL-6 and CXCL8.  In addition, accumulating evidence indicates that cancer progress not only occurs by genetic changes and mutations, but also due to the inflammatory TME (Hanahan and Weinberg, 2011, Qian and Pollard, 2010, Joyce and Pollard, 2009, Valastyan and Weinberg, 2011, Thurlow et al., 2010). It is important to mention a finding by (Guo et al., 2016) in an experimental study of  breast cancer. Blocking interleukin-1 receptor (IL-1R) with an IL-1R antagonist (IL-Ra) resulted in inhibition to tumour growth and metastasis associated with decreased myeloid cell numbers. This is suggesting that targeting the IL-1/IL1R axis in the TME may provide a novel therapeutic regime for cancer.
Furthermore, characterization of HPV-positive and HPV-negative HNC has reported distinct immune cell infiltrates, in addition to the cytokine and chemokine levels within the tumour tissue. The existence of a high level of intratumoral leukocytes infiltration may play a vital role in the significantly favourable response of HPV-positive patients to standard therapy. Moreover, characterization of the HNC immune profile might be an important prognostic tool to identify novel targets for therapeutic approaches, as well as immunotherapy (Partlová et al., 2015, Hunter et al., 2005, Bolt et al., 2017b).
1.6.2.1. Tumour-associated neutrophils 
Neutrophils are the most abundant leukocyte sub-population in the circulation, accounting for about two-thirds of the circulating leukocytes. They are considered as key players of innate immunity and are derived from heamatopoietic stem cells in the bone marrow. Neutrophils have an array of toxic weaponry such as azurophillic granules, gelatinase and defensins acting as antimicrobial agents, in addition to matrix metallopeptidase 9 (MMP-9) and vascular endothelial growth factor (VEGF) that may aid wound healing following infection or injury. Neutrophils also produce reactive oxygen species (ROS) and proteinases, which can have an intense effect on host tissues during inflammatory response and may be the reason for the relatively short half-life of neutrophils 6-8 hours (Martin et al., 2003, Friedman, 2002, Gaudry et al., 1997). Neutrophils are recruited to sites by specific chemokines such as CXCL8, CXCL1-3 and CXCL5 by binding to receptors (CXCR1 and CXCR2) on their cell surface (Chosay et al., 1998, Hartl et al., 2008, Murphy et al., 2000). 
At sites of inflammation, neutrophils phagocytose foreign agents and degranulate to neutralize the antigens. Inflammation is a crucial event to defend the human; however, inflammation is self-limiting and diminishes gradually after the causative factor repaired or removed. While, generally cancer inflammation is dysregulated (continuous) and so cancer has been described as ‘the wound that never heals’ (Desmoulière, 2008, Lin and Pollard, 2004).
Neutrophils are also a potent source of cytokines to attract other leukocyte types (Werner and Grose, 2003).  Neutrophils have been detected in advanced stages of several tumours including HNC, where they are termed tumour-associated neutrophils (TAN) and can make up to 5-25 % of the tumour mass (Welch et al., 1989, Wang et al., 2015). TAN may help in malignant transformation, angiogenesis, tumour progression, and escaping immune surveillance (Eruslanov et al., 2014, Mantovani et al., 2011). Their presence has been correlated with poor patient survival in renal cell (Jensen et al., 2009) and hepatocellular carcinoma (Zhou et al., 2016, Kuang et al., 2011).
Neutrophils, until recently, were thought to be short-lived cells that arrive rapidly at the site of inflammation, then die, and are engulfed by macrophages. A growing body of evidence suggests a longer neutrophil life-span of 4-5 days in tumours. Pillay et al. (2010b) suggested that the tumour microenvironment generates conditions that can increase TAN longevity. In addition, Dixon et al. (2012) reported in a zebrafish model that in the tumour microenvironment factors extend TAN lifespan for up to 120 hours. Moreover, TAN are polarized into two distinct sub-types termed N1 and N2 (Galdiero et al., 2013b). Fridlender et al. (2009a) found that the N1 phenotype is anti-tumourigenic, with improved ability to eradicate cancer cells, activate cytotoxic T-lymphocytes, and have augmented pro-inflammatory cytokines expression such as tumour necrosis factor-α (TNF-α). In contrast the N2 phenotype is pro-tumourigenic, expressed elevated secretion of VEGF, MMP9, as well as increased secretion of CCL2, CCL5 that promotes monocyte attraction, and secretion of immunosuppressive factors (Jablonska et al., 2010). 
1.6.2.2. Tumour-associated macrophages 
Normally, monocytes are recruited by chemokines secreted from the site of inflammation, where they extravasate from the blood vessels into tissues and quickly differentiate into macrophages (Coussens and Werb, 2002). Once activated, macrophages start to produce reactive oxygen (ROS) and reactive nitrogen species (RNS) to fight infection or foreign insult. As stated previously, the inflammatory response to pathogens or injury is usually short-lived compared with that observed in the tumour microenvironment; here macrophages keep producing ROS and RNS causing DNA damage in the proliferating cells, thereby accelerating  mutagenesis, and  leading to  carcinogenesis  (Maeda and Akaike, 1998).
Macrophages, like neutrophils, can be also divided schematically into two major divisions: M1 and M2. M1 are the classically activated cells that generally act to defend the host against tumour, viral and other microbial infections. M2 differentiate upon activation with interleukins such as IL-4, L-13, IL-10 and glucocorticoids. M2 usually act as protumour and down‐regulate to M1‐mediated functions properties (Solinas et al., 2009). In HNC the TAM mainly recruited at the tumour microenvironment by bioactive molecules secreted either from the tumour cells or the neighbouring stromal cells. The chemokine CCL2 is the main TAM attractant (Curry et al., 2014), several in vitro and in vivo studies correlate its concentration levels with TAM densities in many other cancers, such as ovarian, breast and pancreatic tumours. TAM themselves also generate CCL2, suggesting the anti‐CCL2 antibodies combined with other chemotherapeutic medication as an anti‐tumour approach (Colombo and Mantovani, 2005). Other chemokines that are involved in TAM attraction are CCL5, CCL7, CXCL8, and CXCL12, in addition to cytokines and growth factors such as VEGF, PDGF and M‐CSF (Balkwill, 2004).
1.6.2.3. Tumour-infiltrating lymphocytes and other leukocytes subsets
The immune system distinguishes and eradicates tumour cells by means of adaptive immunity, particularly T-lymphocytes. However, that is not always the case in the local tumour microenvironment. In cancer patients, tumour cells grow steadily even in the presence of a blood supply filled with tumour-specific cytotoxic T-lymphocytes (CTL). Circulating lymphocytes have separate responsibility in the immune reaction (Senovilla et al., 2012). CTL are primed with tumour antigens in the lymph nodes and are capable of eradicating cancer cells. However, in about 70 % of HPV-positive HNC, as soon as the CTL enter into the tumour microenvironment and become tumour infiltrating lymphocytes (TIL) they are deactivated and fail to eradicate cancer cells because the tumour microenvironment contains many immuno-suppressive factors such as IL-10 (Lyford-Pike et al., 2013, Begum et al., 2005, Gillison et al., 2008). As an alternative, TILs become exhausted, anergic or apoptotic when they are enclosed by tumour cells, particularly when the tumour cells express programmed death ligand 1 (PD-L1), which leads to inactivate the immune cells (Dong et al., 1999, Zou and Chen, 2008).
Leukocytes not only interact with the malignant cells but also interact with each other (Whiteside, 2008). It was found that heterogeneous types of leukocytes within the tumour microenvironment such as dendritic cell (DC), natural killer (NK), mast, myeloid-suppresser, CD8+, CD4+ and T-memory (Senovilla et al., 2012). Considering, the main effecter cells directed against cancer cells are CD8+ T cells that have the ability to recognize and  kill tumour cells (Fridman et al., 2012, Boissonnas et al., 2007). CD4+ cells are subdivided into helper T cells and regulatory T cell (Treg). Helper T cells produce plethora of cytokines and elevate the action of CD8+ while Treg have an immunosuppressive action. 
DC forms a link between the innate and adaptive immune systems and acts as antigen-presenting cells. NK as the name implies, can kill malignant and virally-infected cells (Martinez et al., 2009). B-Lymphocytes are antigen-presenting cells along with production of cytokines and chemokines for the promotion of T cell actions (Nelson, 2010). Eosinophil cells are mainly related to allergic and parasitic disease responses, even though found in the tumour microenvironment, releasing materials which may kill the cancer cells and contribute to progress or regulate the tumour  (Martinelli-Klay et al., 2009).
1.6.3. [bookmark: _Toc521061271]Immune cells in oral squamous cell carcinoma 
Generally lymphocyte infiltration is associated with favourable outcomes in oral squamous cell carcinoma (OSCC) (Chiosea et al., 2015). A study with 259 patients reported the link between the prognosis of OSCC and the density of tumour-infiltrating lymphocytes (TIL) in the tumour/stroma. It was found that good prognosis was associated with a high density of TILs, although TILs subtypes were not differentiated. In another study with a smaller cohort of 87 patients treated with surgical intervention without pre-chemoradiotherpy (CRT) (Brandwein-Gensler et al., 2005, Watanabe et al., 2010a); results demonstrated low densities of TILs were linked with poor prognosis and a high recurrence rate. Immunohistochemistry of tumour sections showed high CD8+ T cells, above the median average and the survival time was longer, with opposite findings for the CD4+ T cell. Moreover, the ratio of the CD8+/CD4+ was not related to the overall survival (Costa et al., 2010).
In a different study of patients with OSCC subjected to preoperative CRT, a decline in TILs, particularly Treg cells, resulted in a higher CD8+/Treg ratio. While postoperative CRT leads to higher CD8+/FoxP3 ratio and this was linked with better prognosis and increased disease free survival (Tabachnyk et al., 2012). However, CD8+ density alone was not predictive. Cho and colleagues argued that the low TILs were associated with PD-L1 expression (PD-L1 causes TIL dysfunction), on the surface of OSCC cells (Cho et al., 2011). However, a small cohort study could not find any relationship between CD8+ NK cells and overall survival (Zancope et al., 2010). In addition, in OSCC elevated CD8+:Treg cell ratios appeared to be associated with improved prognosis. Another further OSCC study revealed the relationship of Tregs and the survival time with the following cells CD4, CD25, CTLA-4 and FoxP3 by IHC staining (Reichert et al., 2001, Moreira et al., 2010). The expression of FoxP3 in OSCC was about 60 % and their cell densities had no link to patient survival. However, in the same data low CD4+ and high CD25+ numbers were linked to increased survival (Liang et al., 2011).
Apart from TILs, other factors may be associated with prognosis. For example, interleukin-6 (IL-6) secreted by both cancer and immune cells has a role in tumour progression (Nibali et al., 2012). It was noticed that, in males, high IL-6 was associated with poor overall survival (OS) while in females there were no effect (Chen et al., 2012). IL-10 has immune suppression properties and is linked to HPV-positive OSCC, with increased IL-10 expression leading to poor prognosis (Chuang et al., 2012). In summary, the literature confirms that the lymphocyte population infiltrations, particularly higher CD8+ and dendritic cells (DC) and lower densities of Treg cells, could provide favourable information on prognosis in OSCC (Wallis et al., 2015b). However, these aforementioned relations were not consistent in all the studies, which could be attributed to the small cohort study and differences in patient sampling are the most probable explanation for these differences. Several chemokines/cytokines and cell-expressed receptors also seem to be of prognostic value, but their exact role in HNC remains to be fully elucidated.
1.6.4. [bookmark: _Toc521061272]Immune cells in oropharyngeal cancer (OPC) 
An analysis resulting from diverse statistical studies showed good prognosis in the biomarkers of the OPC related to HPV, associated with significant overall survival and expressed tumour suppression protein p16, which is often used as surrogate marker for oncogenic HPV (Rainsbury et al., 2013a). As with OSCC, TIL studies are varied in HPV-positive OPC as seen in table 1.3.  In one study TILs had no prognostic effect; however the elevated CD4+ as well as CD8+ in addition to the elevation in CD4+/CD8+ ratio, showed good prognosis and overall survival, even with the expression of epidermal growth factor receptor (EGFR), which is considered as a poor predictive factor. In the same study, higher CD8+, FoxP3+ and whole T cell counts were beneficial in the overall survival. A different study with 83 patients found higher CD8+ TIL numbers in HPV-positive than HPV-negative OPC. It was noticed that elevation in CD8+ T cell infiltration was linked with improved prognosis, while elevated Treg not linked to poor prognosis, whilst the ratio of CD8+/Treg predicted for favourable prognosis (Wansom et al., 2012; Nasman et al., 2012).
In a study of 115 patients either from OPCs or hypopharyngeal cancer (HP), patients were classified according to the disease-stage either with early or advanced (non-resectionable) stage disease. Higher CD20+ B-lymphocyte number was a good prognostic in the early disease-stage, whilst low CD20+ numbers in the late disease-stage would have more prognostic outcome (Distel et al., 2009a). Once again, higher CD8+ T cell densities were found to have a prognostic impact in the early stages of disease while higher Treg were not beneficial in prognosis. Higher CD3+ T cell infiltrations were associated with better survival and lesser rates of metastasis by IHC of 48 patient biopsy samples (Rajjoub et al., 2007b).
A study with 71 patients with HNC found that HPV-status did not affect TIL amounts, while in the same study patients with OPC (n= 22) showed a higher amount of CD3+ and Treg and these were associated with HPV-positive disease, but not linked with the survival time (Ritta et al., 2013). There was improvement in the disease free survival (DFS), in a study with 20 OPC, 5 hypopharyngeal (HP) cancers and 8 OSCC cases treated with surgical intervention without post-chemoradiotherapy. Higher levels of CD20+ B-lymphocyte infiltration around the tumour mass in the metastatic lymph nodes was observed. However there were no significant relation to TIL levels including the CD8+ and Treg in the primary tumours (Pretscher et al., 2009a). Cytokine expression in OPC, found that elevated IL-10 and platelet-derived endothelial cell growth factor (PD-ECGF) had poor prognosis. 
Finally, similarities between OSCC and OPC with regard to favourable prognosis included higher levels of CD8+ numbers, while in OPC Treg have more favourable prognosis. EGFR, as shown in (figure 1.8) is associated with poor prognosis in both OSCC and OPC as well, and is supported by other studies (Wansom et al., 2012b, Malecki et al., 2012, Chandarana et al., 2013, Wallis et al., 2015a, Fujieda et al., 1999b).  
	Site
	Parameter
	Cases
	Findings
	References

	OPC
	Systematic analysis
	-
	HPV-positive, p-16 positive better OS.
	(Rainsbury et al., 2013b)

	OPC, HP
	TIL
	115
	High CD8+ and CD20+ better OS and LRC and Low CD3+ and CD20+ better NED.
	(Distel et al., 2009b).

	Tonsil
	TIL
	83
	High CD8+ better outcome independent of HPV. High CD8+/FoxP3 ratio better DFS both HPV-positive and HPV –negative.
	(Näsman et al., 2012).

	OPC, OSCC
	IL-10, PD-ECG
	58
	High IL-10 and PD-ECGF expression bad prognosis, 
	(Fujieda et al., 1999a).

	OPC
	TIL
	48
	Lower metastases with high CD3+ count with HPV-negative, not HPV-positive.
	(Rajjoub et al., 2007a).

	BOT, Tonsil
	TIL, EGFR
	46
	HPV-positive had better OS and DSS, high CD8+, total CD8+ and CD4+ and FoxP3. EGFR linked to low TIL, low EGFR had better OS and DSS.
	 (Wansom et al., 2012a)

	OPC,HP
	TIL
	33
	DFS for patients with high peritumoural CD20+ B cells in metastatic lymph nodes. No correlation between TIL in primary tumour and OS.
	(Pretscher et al., 2009b).


Table 1.3. Summary of the immunological parameters in OPC. Abbreviations OPC (Oropharynx), OS (Overall Survivor), HP (Hypopharynx), TIL (Tumor Infiltrating Lymphocytes), OC (Oral Cavity), IL-10 (Interleukin), PD-ECGF (Platelet Derived Endothelial Cell Growth Factor), BOT (Base of Tongue), EGFR (Epidermal Growth Factor Receptor.
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Figure 1.8. Diagram demonstrating the immune parameters that are linked with outcome in OPC. The parameters have been placed intra-tumourally in association with the blood (red vessels) and lymphatic vessels (yellow vessels), with accordance to favourable, unfavourable or uncertain. Adapted from (Wallis et al., 2015a).
1.6.5. [bookmark: _Toc521061273]Immune cells in laryngeal cancer 
Lin reported in 84 supraglottic laryngeal cancer treated with surgery, infiltrating macrophages within the tumour and peritumour regions, that were associated with poor outcome, including disease free survival (DFS) and overall survival (OS) (Lin et al., 2011). In an earlier study, 98 patients were surgically treated for SCC of the larynx; analysis of tissue showed increased macrophage counts that were associated with poor prognosis, although this was found only in poorly differentiated tumours with a high incidence of recurrence (Morra et al., 1991). In advanced stage laryngeal carcinoma there was an association between the amount of T-lymphocytes (CD43+ and CD45+RO) and patients' improved survival, and no links were correlated with CD20+ B-lymphocyte or CD56+ and CD3+ T-Lymphocyte numbers (Gabriel et al., 1999). The higher intensity of S-100+ve dendritic cells hold good prognosis and low numbers  were associated with less than 5 years  survival time  (Gallo et al., 1991). 
1.6.6. [bookmark: _Toc521061274]Immune cells in nasopharyngeal cancer 
High densities of Treg and ratio of Treg/CD8+ were found in 64 nasopharyngeal cancers (Yip et al., 2009). Elevated expression of macrophage migration inhibitory factor (MIF) in nasopharynx carcinoma and OSCC is associated with worse locoregional control (LRC) but not linked to overall survival (Liao et al., 2010). In contrast, elevation in MIF-positive TIL was related to good disease free survival (DFS) in addition to overall survival (Li et al., 2012). A strong relation was found between the CD8+ T cell and expression of PD-1 to poor LRC and survival when patients were treated by CRT (Hsu et al., 2010). The elevation in programmed death-1 (PD-1) and CD4+ TIL expression was not noticed with variation in the prognosis.  The presence of S-100 DC in intratumoural nasopharyngeal carcinoma was associated  with  increased  length in  the  survival time  (Ma et al., 1995).
1.6.7. [bookmark: _Toc521061275]Immune cells in HPV-positive versus HPV-negative OPC 
Increasing data supports fundamental role of the immune response in the development of HNCs. The immune system is suppressed in HNC so that the status of the immune system may be of prognostic value in HNC (Economopoulou et al., 2016). A variety of immunocompetent cells provide a network of host-defence, the balance between T-lymphocytes and the effects of tumour microenvironment are believed to shape the antitumour immune response. T cells, dendritic and natural killer cells, neutrophils and macrophages, are central players in the tumour microenvironment, whose functional changes moderate immunity (Chikamatsu et al., 2007, Varilla et al., 2013). HNC are characterised by low amounts of CD4+ and CD8+ T cells implying reduce in the effectors cells against the tumour. Indeed it is important to notice that, even within patients with no evidence of disease and after curative treatment, immune abnormalities could persist weeks or years (Schaefer et al., 2005).

The immune system also has an important role in HPV-positive OPC. There are considerable variations in the numbers of immune cells infiltrating OPC that are associated with HPV-status. Following HPV-infection, effector T cells are responsible for eradication of the virus, however HPV carcinogenesis is associated with weak effector T cell responses (Stern et al., 2012). Another important biomarker, PD1, a protein working as an immune checkpoint to prevent T cell activation, is found in tonsil-crypts and PD1-infiltrating lymphocytes has been recognized in HPV-positive OPC (Lyford-Pike et al., 2013). Interestingly, PD1-infiltrating lymphocytes is linked with favourable prognosis (Badoual et al., 2013).
In comparison with HPV-negative, HPV-positive cancers showed elevation of CD20+ B cells intratumouraly and FoxP3+ Treg in the enveloping border. Furthermore, there is a tendency inside the tumour toward higher numbers of  CD8+ T cells and levels of HLA-G in HPV-positive OPC biopsies (Schlecht et al., 2007). Several studies have showed a higher population of CD8+ and Treg and increased CD8+/Treg ratio in HPV-positive OPC, which are linked to improved outcome (Näsman et al., 2012, Lukesova et al., 2014). 

In contrast to T cells, increased eosinophil, neutrophil and macrophage infiltration are associated with poor outcome (Galdiero et al., 2013a, Alrawi et al., 2005). In a study with 128 patients, TAM numbers were significantly higher in HPV-positive compared to HPV-negative OPC, however, a non-significant increase in macrophage numbers was observed in the stroma (Oguejiofor et al., 2017). Lower neutrophils numbers were associated with better overall survival in HPV-positive OPC and laryngeal carcinoma pre-radiotherapy (Sumner et al., 2017, Gouw et al., 2018). Finally, gene expression is varied in cancer linked to HPV and this characteristic leads to secretion of a different cytokine profile than from that HPV-negative OPC resulting in different leukocyte  recruitment  (Tabachnyk et al., 2012).
1.7. [bookmark: _Toc521061276]Treatment modalities in head and neck cancer
Treatments for HNC are constantly adjusted in accordance with scientific knowledge. As mentioned previously there is no single therapy of choice for the treatment of HNC, but rather a choice of therapy. For this reason, finding biological parameters that can predict responses for therapy, in order to personalize therapy for that patient, is of paramount importance (Kies et al., 2009). Currently, there are no differences in the treatment of HPV-positive/-negative cancer although this may change due to the finding that individuals with HPV-positive OPC have increased survival rates so that some individuals may not require such toxic therapy (Chau et al., 2014). Radiation, chemotherapy, in addition to surgery are the chief modes of treatment for HNC, however the options depend on the stage and site of cancer. 
Radiotherapy breaks the DNA strands in proliferating active cells and since the cancer cells grow to a great extent faster than their counterparts, this premise permits radiation to preferentially target cancer cells (Johnson and Jasin, 2000, Vissink et al., 2003). Chemotherapy, including platinum-based drugs cisplatin and carboplatin work by binding to DNA and inhibiting transcription (Johnstone et al., 2014), while taxane-based drugs such as docetaxel and paclitaxel work by stabilizing microtubules preventing chromosomal movements which lead to apoptosis (Fitzpatrick and de Wit, 2014). Both platinum and taxane-based chemotherapeutic agents are used with radiation, because they serve as radiosensitizers by inhibiting the repair of the damaged-DNA. The monoclonal antibody-targeted therapy, such as cetuximab, was developed to bind epidermal growth factor receptor (EGFR) (Specenier and Vermorken, 2012). This works by inhibition of the over-expressed EGFR in HNC cells, which will lead to down-regulation of cellular proliferation in cancer cells. 
Radiation and chemotherapy harbour harsh side effects, however in early stages both surgery and radiation outcomes are comparable. Surgical intervention may reduce the side effects, however, most patients are diagnosed at late stages and so in many instances radiation has become the standard treatment with unresectable HNC (Mehra et al., 2008, Specenier and Vermorken, 2013) while resectable HNC may opt for surgical intervention following chemoradiotherapy (CRT). The recurrent or metastatic HNCs are treated with CRT, such as fluoracil and cisplatin, with the purpose to relieve symptoms and extend survival time (Argiris et al., 2008). HPV-positive OPC patients mostly present with favourable prognosis to radiation, however controversies remain with does the escalated treatment important for them to undergo similar therapeutic regime to that of HPV-negative tumours (Bossi et al., 2018, Riaz et al., 2017). Currently, trials such as RTOG 1016 and DeESCALaTE-HPV are underway to evaluate the possibility of de-escalation of treatment in HPV-positive OPC (Masterson et al., 2014, Fakhry et al., 2014). In addition, several other treatment approaches are becoming available such as transoral laser microsurgery and transoral robotic surgery (Hinni et al., 2015).
1.7.1. [bookmark: _Toc521061277]Targeting cancer-associated fibroblast for head and neck cancer treatment 
There is ample data to suggest that cancer-associated fibroblasts (CAF) increase tumourogenesis. A number of different approaches have been developed to target CAF in efforts to treat cancers. Several strategies include targeting cellular-signals between CAF and other cells of the TME, such as secretion of tumour growth factor-β (TGF-β), a factor known to activate fibroblasts. However, results have shown that in early stages this therapy is tumour suppressing, while at advanced stages of cancer it has been implicated in promoting tumour growth (Paraiso and Smalley, 2013). Other potential targets, activin A and fibroblast activation protein (FAP),  are involved in fibroblasts differentiation (Gonda et al., 2010, Routray et al., 2014). However, in vivo findings in colorectal, pancreatic, prostate and lung cancer neither were able to improve outcome clinically (Räsänen and Vaheri, 2010, Hofheinz et al., 2003). 
1.7.2. [bookmark: _Toc521061278]Immunotherapy
Immunotherapy is manipulation of the human immune system for elimination of cancer cells and this is done either by activating host immunity or supplying engineered biological material (Masihi, 2001). The objective in immunotherapy is to achieve a biological mechanism to restore the correct immune function thereby eradicating cancer cells (Macnamara and Eftimie, 2015, Ling et al., 2018). Generally, immunotherapy approaches encompass adoptive T cell transfer, cancer-specific antibodies, cancer vaccines, cytokines, or immune-modulating agents (Szturz and Vermorken, 2017).  Enhanced understanding of the immune systems role in TME led to the identification of a series of new immunotherapies targets. These include IRX-2 which contains biological cytokines such as IL-1β, IL-2, IL-6, CXCL8 (IL-8), granulocyte macrophage colony stimulating factor (GMC-SF), interferon-γ, and TNF-α, through the upgrading of the immune response against the tumour (Czystowska et al., 2009). IRX-2 prevents T cell apoptosis (Czystowska et al., 2011).
Dendritic cell vaccines, another immune therapy target, received considerable attention owing to their ability of activating robust immunity responses. They work by isolating DC from patients and stimulating them with tumour-antigen ex vivo, followed by injection of the DC into the patients again as a cellular vaccine (Inoue et al., 2015). Promising immunotherapy approach for HPV-positive is adoptive T cell transfer (ACT), as stated before it involves collecting and ex vivo expansion of the patient’s own T cells. Then, T cells are re-injected to the patient to improve anticancer immunity (June, 2007). Recently, the immune-checkpoint obstructions have revolutionized cancer immunetherapy, particularly the PD-1 blockade that has been found to be efficient therapy for metastatic melanoma and other types of cancers. Finally, even with the impressive improved survival, a big number of patients did not demonstrate robust responses (Krieg et al., 2018).
1.7.3. [bookmark: _Toc521061279]Vaccination
The primary goal of vaccination is producing high-titres antibodies that can neutralize and prevent initial HPV-infection (McCormack et al., 2018, Venuti et al., 2015). The HPV vaccination is effective for both female and male, and the most advantageous time is before first sexual intercourse (Pai and Westra, 2009b). Commercially available, prophylactic HPV-vaccines are either bivalent (Gardasil) for HPV-16, -18 or quadrivalent (Cervarix) for HPV-6, -11, -16, and -18 serotypes. HPV-vaccines are showing promising results with large randomized trials with cervical cancer. However, in HNC currently randomized trials are under researched although one trial (Costa Rica vaccine trial) showed promising data. Phase III clinical trial initial data showed that single dose of the HPV vaccine can give long-lasting protection against HPV-infection (Kreimer et al., 2018). At the present time there are promising results using virus-like particle (VLP) consisting of the external capsid of the HPV, in particular HPV-16 and HPV-18 as this is the main oncogenic serotype (Massad et al., 2013). Moreover, several vaccine trials are under investigation about HPV including peptide vaccines and bacterial vaccine targeting E6 and E7 (Economopoulou et al., 2016). 
1.7.4. [bookmark: _Toc521061280]Markers
HPV-positive OPC still to be diagnosed at advanced stages despite all the developed diagnostic tools (Huber and Tantiwongkosi, 2014). A number of biological factors may help to predict for the susceptibility of HPV-associated OPC, these are cytokeratin (CK) 7, anterior gradient (AGR) 2, cluster differentiation (CD) 63, matrix metalloproteinase (MMP) 7, and guanine deaminase (GDA). All these were expressed in the tonsil, whilst in OPC differences in expression and diffusion was observed (Morbini et al., 2015).

1.8. [bookmark: _Toc521061281]Head and neck cancer in vivo models 
These types of cancer models are popular due to more representative architecture of cancer tissues developing within a living organism with mice being most commonly used. An experimental mouse tumour model may be useful for a number of different cancer study purposes including validation of gene function, determination of novel cancer biomarker expression and anticancer drug studies (Cheon and Orsulic, 2011). However, several limitations may be encountered with the in vivo growth cancer cells. There are many inter-species dissimilarities between animal and human tissues in health and disease (Kimlin et al., 2013). 
Many tumour models use cells that are implanted subcutaneously in immunocompromised mice to replicate human tumours. This is obviously a false environment for an OPC that usually develops in the oropharynx. However, implantation of cells into the oropharynx of a mouse is extremely difficult to the limitations of the animals’ oral cavity size and so on many occasions these xenograft murine models are impractical. In addition, murine models also use immunocompromised mice that are impractical for examining the immune response in tumours. In addition, the use of animal models is time consuming, expensive and poses considerable ethical considerations (Gurski et al., 2010). Finally, the reported data from these models experiments can be variable at best (Gaballah et al., 2008).
1.8.1. [bookmark: _Toc521061282]Head and neck cancer in vitro models 2D- versus 3D-models. 
1.8.1.1. 2D head and neck cancer experimental systems 
Despite the limited spatial cell configuration, two dimensional (2D) cell cultures remains the most widely used method for in vitro cancer research (Sung et al., 2013, Imamura et al., 2015, Pickl and Ries, 2009). Conventionally, cells cultured in 2D are grown as flat, monolayer cells on tissue culture treated flasks. Although considerable knowledge has been obtained from 2D-model culture over the years several limitations arise from this type of cell culture. Cells in monolayer are cultured on a flat surface with cell-cell contacts only at the edges of the cells, whereas in native tissue cells live in a complex three dimensional (3D) environment with cell-cell or cell-matrix contacts along all cell surfaces (Ravi et al., 2015). Moreover, in vivo tissues are formed of multi-layered cells that is not evident in 2D culture (Kriegebaum et al., 2012). Tissues are generally made up of numerous cell types that communicate in vivo by releasing signalling factors, however in 2D most often only a single cell type is cultured, although co-cultures are becoming increasingly more common. Consequently, it is now appreciated that 2D cell culture is not very representative cells in vivo (Cukierman et al., 2001).
1.8.1.2. Head and neck cancer 3D-model systems
HNC arise from accumulation of various genetic aberrations that cause cell transformation, permitting for abnormal rapid growth and metastasis. With the aim of studying this complex heterogenous disease, representative 3D cancer models have been developed in a laboratory setting (Ruggeri et al., 2014), and these have offered considerable understanding and therapeutic advancement. 3D cancer models generally can be classified into two major categories, scaffold based and scaffold free. 
The 3D-model cultures show increased stability and longer life-spans in comparison to 2D-model cultures (Antoni et al., 2015). 3D-models also create a more physiologically relevant spatial configuration more similar to that encountered by cells in vivo (Lee et al., 2008). This allows cells cultured in 3D in vitro models to express, somewhat, closer protein and gene expression profiles to the same cell types within animals (Abbott, 2003), allowing researchers to more closely predict the expression profile of cells in healthy or diseased tissue (Kimlin et al., 2013). In support of this, several researches showed clear differences in the cellular response of cells cultured in 2D versus 3D with regard to drug treatment. This has had significant implications in therapeutic drug development because 3D-models provide better information than 2D for pre-clinical models and better prediction of in vivo reactions to new drugs (Sung et al., 2013, Imamura et al., 2015, Pickl and Ries, 2009). 
The 3D-models are not only becoming a more user friendly research that provide a more physiologically relevant environment, but they also bridge the gap between experimental animal and in vitro 2D experimental monolayer systems (Mazzoleni et al., 2009). Indeed, the European Chemicals Legislation recognized a need for construction of reproducible representative in vitro 3D-models to decrease the in vivo experimental models use for human related data (Lilienblum et al., 2008). Examples of in vitro 3D-models that are utilized for modelling disease and therapeutic tests include simple systems such as tumour spheroids to complex tissue engineered models including multiple cell types or even organ-on-a-chip technology. 3D tissue engineered models of normal oral mucosa are established and have been utilized in clinical studies (Bhargava et al., 2008). Moreover, tissue engineered models of tonsil epithelium have been developed (Grayson et al 2017). 
Compared to normal tissue, it is challenging to develop cancerous tissue models because the biology is more dynamic as the tissue characteristics evolve with time progression. Consequently, the stage of the disease must be taken in account in developing cancerous tissue models, particularly the molecular characteristics of HNC are varies at different pathological stages (Leemans et al., 2011). Depending on this, Colley et al. 2011 developed a 3D cancer model that simulated the tumour progression from dysplastic phenotypic changes to early invasive oral carcinoma (Colley et al., 2011), suggesting that, with further development, these models may be the mainstay of experimental systems in the future. For HNC, 3D experimental systems are usually based on HNC epithelial cancer cells with or without fibroblasts and extracellular matrix. The matrix is usually not natural but often made from animal or human derived factors or polymers. 
1.8.1.3. Hydrogel scaffolds
Hydrogels can be prepared from either natural or synthetic materials or a combination of both in order to mimic the extracellular matrix (ECM) tissue component, and are essential for support to enable model culture. Hydrogels are composed of highly cross-linked polymers with high H2O content permitting fast diffusion of nutrients, oxygen as well as waste products between cells and its surrounding environment (Nguyen and West, 2002). In general, the main structural component of the ECM is type I collagen as this is a major component of human ECM (Rajan et al., 2006). For this reason, animal-based type I collagen is used for engineering various 3D-models systems, including oral (Dongari-Bagtzoglou and Kashleva, 2006), skin (Smola et al., 1998), mammary gland (Krause et al., 2008) and endothelial (Koh et al., 2008). Rat-tail, bovine, equine, and even plant-derived collagen is obtainable, and often used to represent the ECM (Griffin et al., 2008). In addition, a commercially available collagen-based skin substitute known as Apligraf or Aloderm has been used clinically to promote wound healing by combining collagen with human fibroblasts and keratinocytes. Moreover, a study group that designed their model to use human-derived tissue as scaffold then explanted to study infectious agents (Grivel and Margolis, 2009). Finally, fibrinogen scaffolds tissue models showed durable abilities to induce cells interactions and scaffold remodelling in comparison to synthetic scaffold (McManus et al., 2007). 
1.8.1.4. Synthetic Scaffolds 
Scaffolds can be produced from synthetic polymers in which cells can be cultured in 3D. These scaffolds are more reproducible, which is an advantage over the naturally derived scaffolds. Synthetic scaffolds are derived from polymers such as polyglycolic acid (PGA), poly-(L)-lactic acid (PLLA) and polystyrene (Yang et al., 2001). 
1.8.1.5. Multi-cellular tumour spheroids (MCTS)
MCTS are generated by aggregation of cells in culture. They are produced by using different several methodologies including spinner flasks, hanging drop, static liquid overlay or by centrifugation (Fennema et al., 2013). For a simple standardized 3D-model, spheroids are often the choice of investigators. However, they do not represent multi-layered tissue architecture such as that observed in the oral mucosa or oropharynx (Kimlin et al., 2013). They do however mimic quite accurately invasive tumour islands often observed in OSCC and OPC. In the tumour microenvironment, spheroid provide a useful 3D-model for hypoxic, pH and nutrient gradients that better mimic the tumour (Sutherland et al., 1981, Breslin and O’Driscoll, 2013).
1.8.1.6. Therapeutic drug testing in 3D-model 
Traditionally, the new chemotherapeutic medications are tested on cancer cells that are cultured in 2D monolayers tissue flask. However, 2D monolayer drug assay may not perfectly mimic 3D spatial configuration where cancer cells reside in vivo. Because of the artificial architecture, there are changes in signal transduction, gene expression, cellular movement, cell-to-cell signalling, morphology, and even cellular growth. A number of data reported that different gene expression in 2D- and 3D- models arrangements lead to inaccuracy in predicting responses of tumour cells to therapeutic drug (Bulysheva, 2012, Hongisto et al., 2013). The use of 3D-models culture has grown to be gradually more popular because of the structures resemblance with in vivo and better cell-to-matrix and cell-to-cell interactions. Indeed, the transition from 2D- to 3D-model cultures reported an elevation in chemoresistance to anticancer drugs. 
It was proposed that the 3D-model cultures permit for ‘pro-survival’ signalling and an up regulation of genes expression that conferring drug resistance and even may limit the diffusion of drugs. In addition, different morphology is evident in 2D- compared with 3D-models because cancer cells are clustered and rounded in shape. Several researchers have demonstrated that tumour cells express different genes in 3D-models, such as an increase the genes responsible for cell invasion and migration including ‘Rho GTPases’ and ‘Focal adhesion kinase’ (FAK) (Gurski et al., 2010). An essential characteristic in developing 3D-models of HNC for therapeutic assays is to determine whether they can replicate such responses observed in vivo. Bulysheva et al. (2013) demonstrated that similar in vivo results with 2D culture, whereas the 3D-model culture showed resistant to paclitaxel. They proposed that resistance observed in their 3D-model might be attributed to the physical effects of silk scaffold (Kelly et al., 2014). 

HNC 3D-models can be used to recognize the mechanisms of action of variables anti-cancer therapeutic targets that are currently in clinical trials. Kelly et al. (2014) assessed hypoxia in spheroid model using FaDu cancer cell lines, with chemotherapeutic drug. According to their observation, it was suggested the concurrent use of chemotherapy with radiation to increase the therapeutic effects. Moreover, Colley et al. (2014) found that 2D cultures were capable of internalizing the drugs faster than the 3D-model in HNCs. They used various HNC cell lines to assess the internalization kinetics of paclitaxe and doxorubicin in a polymersome delivery vehicle. However, the slower uptake rate of the 3D spheroid is more comparable to in vivo characteristics. Increasing the 3D-model complexity may closer imitate in vivo nature however, there will be difficulty in outlining effects of the various factors (Alemany-Ribes and Semino, 2014, Nagelkerke et al., 2013).

There are many challenges facing engineered 3D-models in HNCs, including a lack of available standardized protocols, issues in reproducibility, and autofluorescence, which can be challenging when imaging  (Rimann and Graf-Hausner, 2012, Friedrich et al., 2009). However, assessing new chemotherapeutics target on tumour cells cultured in 3D cancer models may better recapitulate the drug sensitivity of these tumours in vivo (Bulysheva, 2012, Hongisto et al., 2013).


Conclusion
Current evidence suggests that HPV-positive OPCs are different from HPV-negative OPC. This may be due to differences in aetiology of carcinogenesis, their respective TME or both and this may lead to differences in leukocyte recruitment or the immune tumour environment that may have implications for tumour growth and prognosis.
1.9. [bookmark: _Toc521061283]Hypothesis
HPV-positive OPC tumour cells secrete different immune factors when compared to HPV-negative OPC tumour cells and the interaction of these immune factors with tonsillar fibroblasts within the TME influences leukocyte recruitment.
Targeting the immune factors or cell receptors that mediate these effects may provide a potential target for head and neck cancer therapy.
1.10. [bookmark: _Toc521061284]Aims of the study 

1- To assess the relative contribution of HPV-status with prognosis, and determine if there are any differences in tumour-associated leukocytes subtypes in HPV-negative compared to HPV-positive OPC using a tissue microarray of samples from individuals with confirmed HPV-positive and HPV-negative OPC.

2- Use in vitro 2D mono or co-culture experiments to examine if differences exist in the leukocytes chemoattractant capacities of HPV-positive and HPV-negative OPC cell lines along with normal tonsillar fibroblasts (NTF) or if an interaction between these two cell types is required.

3- Use siRNA technology along with specific molecule inhibitors to identify the molecular mechanisms through which leukocytes are recruited to the OPC tumour microenvironment and whether HPV-status influences such mechanisms.
4- To validate any in vivo and 2D findings by developing an optimised and reproducible 3D in vitro model system.
[bookmark: _Toc521061285]Chapter two: Material and methods
2.1. [bookmark: _Toc521061286]Materials
2.1.1. [bookmark: _Toc521061287]Reagents
	Reagents
	Supplier Company, Country

	Acetic acid
	Sigma-Aldrich, UK

	Agarose type V
	Sigma-Aldrich, UK

	Ammonium per sulphate (APS)
	Sigma-Aldrich, UK

	Anakinra (KineretR)
	Amgen,Thousand Oaks, USA

	Alexa Fluor 488 goat anti-mouse 
	ThermoFisher, USA

	Bovine serum album (BSA)
	Sigma-Aldrich, UK

	Bicinchoninic acid assay (BCA)
	ThermoFisher, USA

	Cell trackerTM far red
	ThermoFisher, USA

	Cell trackerTM green
	ThermoFisher, USA

	Collagenase type I
	ThermoFisher, USA

	Colorplus protein ladder
	ThermoFisher, USA

	4,6-diamidino-2-phenylindole (DAPI)
	Sigma-Aldrich, UK

	Dimethylsulphoxide (DMSO)
	Sigma-Aldrich, UK

	Dulbecco's Modified Eagle's medium (DMEM)
	Sigma-Aldrich, UK

	Enhanced chemimluminescence (ECL)
	ThermoFisher, USA

	Ficoll-PaqueTM plus
	GE Healthcare, UK

	Foetal bovine serum (FBS)
	Sigma-Aldrich, UK

	Formaldehyde 
	Sigma-Aldrich, UK

	Glass plate sandwich cassettes
	Invitrogen, UK

	Hank's balanced salt solution without Ca+2, Mg+2 (HBSS)
	ThermoFisher, USA

	4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
	ThermoFisher, USA

	L-glutamine
	Sigma-Aldrich, UK

	3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
	Sigma-Aldrich, UK

	Milk powder
	Marvel, UK

	Optimum cutting temperature (OCT) compound
	ThermoFisher, USA

	Paraformaldehyde
	Sigma-Aldrich, UK

	Penicillin/streptomycin solution
	Sigma-Aldrich, UK

	Phosphate buffered saline (PBS) solution
	Sigma-Aldrich, UK

	Pierce ECL Western blotting substrate
	ThermoFisher, USA

	Ponceau solution 
	Sigma-Aldrich, UK

	PrestoBlue® cell viability reagent
	ThermoFisher, USA

	ProLong™ Diamond anti-fade mountant with DAPI
	ThermoFisher, USA

	Recombinant human CXCL8
	Peprotech, UK

	Recombinant human CCL2
	Peprotech, UK

	Recombinant human CCL5
	Peprotech, UK

	Recombinant human IL-1β
	Peprotech, UK

	Roswell Park Memorial Institute medium (RPMI-1640)
	Sigma-Aldrich, UK

	Radioimmunoprecipitation assay buffer (RIPA) buffer
	Sigma-Aldrich, UK

	Sodium azide
	Sigma-Aldrich, UK

	Sterile water
	Baxter, UK

	Stripping buffer
	ThermoFisher, USA

	Tetramethylethylenediamine (TEMED)
	Sigma-Aldrich, UK

	Trypsin-Ethylenediaminetetraacetic acid (EDTA)
	Sigma-Aldrich, UK

	Tryptan blue
	Bio-Rad, USA

	3,3’,5,5’-Tetramethylbenzidine solution (TMB)
	BioLegend, USA

	X-ray film
	ThermoFisher, USA



2.1.2. [bookmark: _Toc521061288]Consumables
	Consumables
	Supplier

	75cm2 tissue culture flasks
	Greiner, Bio-One, Germany

	96 well tissue culture plates
	Greiner, Bio-One, Germany

	48 well tissue culture plates
	Greiner, Bio-One, Germany

	24 well tissue culture plates
	Greiner, Bio-One, Germany

	6 well tissue culture plates
	Greiner, Bio-One, Germany

	4 well rectangular multi-dish
	R&D Systems, USA

	8 well incubation tray with lid
	RayBioTech, USA

	Superfrost glass slides
	Thermofisher, USA

	XCell Sure lock Mini Cell
	Invitrogen, UK



2.1.3. [bookmark: _Toc521061289]Kits

	Name of the kits
	Supplier

	ABC Vectastain kit alkaline phosphates mouse IgG
	Vector Labs, USA

	ABC Vectastain kit alkaline phosphates rabbit IgG
	Vector Labs, USA

	BCA protein assay kit
	ThermoFisher, USA

	Bioline isolate RNA kit 
	Bioline, USA

	CCL2 ELISA kit
	BD Bioscience, USA

	CCL5 ELISA kit
	R&D Systems, USA

	CXCL8 ELISA kit
	BD Bioscience, USA

	DAB substrate kit 
	Vector Labs, USA

	High capacity cDNA reverse transcription kit 
	ThermoFisher, USA

	Human Cytokine Array Panel A
	R&D Systems, USA

	Human Chemokine Antibody Array C1
	RayBioTech, USA

	IL-1α ELISA kit
	Peprotech, UK

	IL-1β ELISA kit
	BD Bioscience, USA

	IL-1R siRNA transfection kit	
	Qiagen, Germany

	TNFα ELISA kit
	BD Bioscience, USA






2.1.4. [bookmark: _Toc521061290]Instruments
	Instruments
	Supplier  

	Axiovert 200 M microscope
	Zeiss, Germany

	Class II safety cabinet 
	Walker, UK 

	Spectrophotometer
	TECAN, USA

	Compact X4 Developer
	Xograph Imaging Systems, UK

	Cryostat 
	Microm, Germany

	FACS calibur flow cytometer	
	Oxfordshire, UK

	Galaxy CO2 incubators 
	Eppendorf, Germany

	High Speed Centrifuge 
	Sigma-Aldrich, UK

	Microcentrifuge
	Sigma-Aldrich, UK

	Microtome
	Leica, Germany

	NanoDrop 1000 
	ThermoFisher, USA

	Peltier thermal cycler
	Bio-Rad, USA

	Rotor-gene Q real-time PCR cycler
	Qiagen, Germany

	Slide Stainer
	Leica, Germany

	Tissue Microarray Kit (TMA)
	Life Science, USA

	Trans Blot® Turbo™ Transfer System 
	Bio-Rad, USA

	VirTisBenchtop K Manifold freeze drier 
	SP Scientific, UK

	Zeiss 880 AiryScan confocal laser microscope 
	Carl Zeiss, UK



2.1.5. [bookmark: _Toc521061291]Antibodies

	Antibodies
	Dilution factor (v/v)
	Supplier
	Clone 
Number
	Application
	Reference

	IL-1R1
	1:100
	R&D, USA
	35730
	WB
	(Bartke et al., 2005)

	IL-1R1
	1:100
	R&D, USA
	73229
	IF
	(Martino et al., 2016)

	CD66b
	1:50
	Beckman Coulter, USA
	80H3
	IHC
	(Bramow et al., 2008)

	CD68
	1:100
	Dako, Denmark
	KP1
	IHC
	(Gollapudi et al., 2013)

	CD3
	1:100
	Dako, Denmark
	M7254
	IHC
	(Esendagli et al., 2008)

	HLA
	1:100
	Sigma, Aldrich, UK
	W6/32
	IF
	(Nayak et al., 2016)

	IgG1
	1:100
	R&D, USA
	P36.2.8.1
	IF/IHC
	(Batard et al., 2000)



Abbreviations: Western blotting (WB), Immunofluorescnce (IF) and Immunohistochemistry (IHC). All the antibodies used in this study were selected according to their use in previously published studies on target cells.

2.2. [bookmark: _Toc521061292] Methods
2.2.1. [bookmark: _Toc521061293]Cell culture
2.2.1.1.  Squamous cell carcinoma (SCC) cell line panel.
Three HPV-negative and three HPV-positive SCC cell lines were used in this study. Table 2.1 summarizes details of the SCC cell line panel used. The short tandem repeat (STR) profiling and HPV-status of the cell lines was confirmed by the Cytology Screening Unit, Royal Hallamshire Hospital, Sheffield Teaching Hospitals NHS Foundation Trust (details provided in appendix 1 and 2). The FaDu cell line was received from American type culture collection (ATCC), while the other cancer cell lines were received through material transfer agreement with Professor Susanne Gollin, University of Pittsburgh, USA. 
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	Cell line
	Site
	Nature
	HPV Status
	P53 Status
	11q13
	Smoking & Drinking
	Age & Gender
	Grade & Stage
	Differentiation
Status

	UD SCC2
	Hypopharynx
	Primary
	+ ve
	Wild type
	-
	Yes, Yes
	-, M
	(-), T1N2M0
	-

	UPCI SCC90
	Base of the tongue
	Recurrence
	+ve
	Wild type
	Not Amplified
	Yes, Yes
	46, M
	(3), T2N0
	Poor

	UPCI SCC152
	Hypopharynx
	Primary*
	+ve
	Wild type
	Not
Amplified
	Yes, Yes
	47, M
	2,(-)
	-

	UPCI SCC72
	Tonsil
	Primary
	- ve
	Mut 179
	Amplified
	Yes, Yes
	61, F
	(2), T3N2b
	Moderate

	UPCI SCC89
	Tonsil
	Primary
	- ve
	-
	Amplified
	Yes, Yes
	58, M
	(2), T4N2b
	Moderate

	FaDu
	Hypopharynx
	Primary
	- ve
	Mut 248,273
	Amplified
	Yes, Yes
	56, M
	-
	-



Table 2.1. Summary of cancer cell line information with HPV-status used in this study. (-) means information unavailable (White et al., 2007, Ragin et al., 2004, Rieckmann et al., 2013). * Some papers have reported that SCC152 is a recurrence of SCC90.
2.2.1.2.  Normal tonsillar fibroblasts (NTF)

NTFs were isolated from tonsil tissue collected during routine tonsillectomies at the Royal Hallamshire Hospital, Sheffield Teaching Hospitals NHS Foundation Trust with written, informed consent (Ethical approval number 09/H1308/66). NTFs were kindly donated by Dr. Helen Colley, University of Sheffield. NTFs were used in this study because the cancer cell lines were derived from the oropharyngeal cancer (OPC) regions. NTFs were originally isolated from the tonsil connective tissue by fine mincing followed by digestion with 0.5 % (w/v) collagenase I overnight at 37°C. NTFs were used up to passage 6 for all experiments (Grayson et al., 2018). Details of the NTFs are provided in table 2.2.

	Cells
	NTF06
	NTF01
	NTF319 
	NTF322 

	Gender
	Female
	Female
	Male
	Female

	Age
	29
	38
	52
	21



Table 2.2. Patient data relating to the primary normal tonsil fibroblasts used in this study.
2.2.1.3.   Routine cell culture
All cell culture experiments and procedures were performed under aseptic technique in a laminar flow hood. SCC90, SCC72, SCC89 and NTF were cultured in DMEM supplemented with 10 v/v FCS, 2 mM L-glutamine, 100 IU/ml Penicillin and 100μg/ml streptomycin. SCC2, SCC152 and FaDu cells were cultured in RPMI-1640 supplemented with 10 v/v FCS, 2 mM L-glutamine, 100 IU/ml Penicillin and 100μg/ml streptomycin. All cells were incubated at 37˚C with 5 % CO2 in a humidified environment. Cell growth and morphology were monitored by light microscopy and cells permitted to grow until they reached 70-80 % confluence, upon which they were either stored frozen for future use or sub-cultured for use in experiments. Growth medium was replaced every 2-3 days by aspiration of the old medium and replenishment with fresh medium. Cells were tested for the presence of mycoplasma infection.


2.2.1.4.  Cell sub-culture
Culture medium was aspirated and the cells washed twice with excess sterilized phosphate buffer saline (PBS). Pre-warmed trypsin-EDTA solution was added and cells incubated for up to 5 minutes at 37°C with 5 % CO2 to detach the cell monolayer from the tissue culture flask surface. Cell detachment was viewed microscopically and an equal volume of serum-containing medium was added in order to neutralize trypsin activity. The cell suspension was centrifuged at 400xg for five minutes. The cell pellet was re-suspended into the required volume of media and the number of cells counted using a haemocytometer. Cells were routinely cultured at 1x106 cells in 10ml culture medium in a T75 cm2 tissue culture flask.
2.2.1.5.  Counting of the cells
Cell counting was routinely carried out using a Neubauer haemocytometer. Subsequent to harvesting the cells, 10μl of cell suspension was added to a clean haemocytometer chamber and the cell number measured by light microscopy under 10x magnifications. The numbers of cells in the four corners of the 1 mm2 squares were counted, as shown in figure 2.1, and the average cell number multiplied by 104 to calculate the number of cells in 1 ml.

[image: ]
Figure 2.1. Haemocytometer counting chamber. Cells were counted in the green squares.




2.2.1.6.  Cryopreservation storage and recovery of cells
To keep cells in long-term reserve, cells were re-suspended at a density of 1x106 /ml in freezing medium (70 % DMEM, 20 % FCS, 10 % DMSO), aliquoted in cryovials and then stored over night at -80°C in a Mr. Frosty cooling box. This allows the temperature to be gradually lowered at 1°C per minute to avoid rapid freezing of cells. The cells were then transferred to a liquid nitrogen dewar at ~ 190°C for long term storage. For resurrection of cells, cryovials containing cells were thawed rapidly in a water bath at 37°C. The cells were re-suspended in 9ml of pre-warmed specific growth medium and centrifuged for 5 minutes at 400xg to remove any remaining DMSO. The cell pellet was re-suspended in 10 ml specific medium, placed in T75 cm2 cell culture flask and incubated in a humidified incubator at 37°C, 5 % CO2 as previously described. 
2.2.2. [bookmark: _Toc521061294]Collection of conditioned media
In order to simulate cell-cell interactions in the stroma-tumour cell microenvironment, a conceptual two-dimensional (2D) model was established in tissue culture as shown in figure 2.2. It was hypothesized that factors released from tumour cells would be able to interact and stimulate-fibroblasts in the surrounding tumour microenvironment as part of the tumour progression process, and that these interactions would occur before fibroblasts progress to cancer-associated fibroblasts (Bolt et al., 2017b).

Four sets of conditioned media (CM) were therefore collected as described below:

A- Collection of SCC cell line conditioned media

Cell lines UD SCC2, UPCI SCC90, UPCI SCC152, UPCI SCC72, UPCI SCC89 and FaDu were seeded at 1x107 cells/T75 flask and incubated overnight in the appropriate culture media to enable the cells to settle and adhere to the culture flask. Cells were then washed three times in PBS and then incubated for 24 hours with 6 ml serum-free media. After 24 hours, conditioned media was aspirated from each flask and centrifuged at 400xg for 5 minutes to remove cellular debris. The conditioned media was then carefully aspirated and stored at -80°C for analysis or use in later experiments. The tumour cells were trypsinised and the cell pellets stored at -80°C for RNA isolation and further gene analysis.


B- Collection of NTF conditioned media
NTF were cultured in T75 flasks until approximately 80 % confluent (~ 3x106). Each flask was visually inspected on a daily basis utilizing a 10x objective lens until intracellular spaces had disappeared owing to fibroblast culture confluence. NTF cultures were then washed three times with PBS and then incubated with 6 ml serum-free NTF media for 24 hours. After 24 hours, conditioned media was aspirated from each flask and centrifuged at 400xg for 5 minutes to remove cellular debris. The conditioned media was then carefully aspirated and stored at -80°C for analysis or use in later experiments. NTF were trypsinised and the cell pellets stored at -80°C for further RNA isolation and gene analysis.

C- Collection of SCC stimulated-NTF conditioned media – 24 hours
NTF were cultured in T75 flasks until approximately 80 % confluent (~ 3x106), washed twice with PBS and then incubated with 6 ml SCC serum-free conditioned media (collected as described in A) for 24 hours. The SCC stimulated-NTF conditioned media was then aspirated, centrifuged at 400xg for 5 minutes to remove cellular debris and stored at -80°C for further analysis. The stimulated-fibroblasts were trypsinised and the cell pellets stored at -80°C for further gene analysis.

D- 	Collection of SCC stimulated-NTF conditioned media – 48 hours
In some experiments, the prolonged activity of SCC-stimulated-NTF was analysed. Here, NTFs were stimulated with SCC conditioned media and the 24 hours conditioned medium collected as described in section C. NTF were then washed twice with PBS and 6 ml of serum-free NTF media added and cells incubated for a further 24 hours (i.e. 48 hours in total). Conditioned medium was then collected, centrifuged at 400xg for 5 minutes to remove cellular debris and stored at -80°C for further analysis.

In total four batches of NTF were analysed from different individuals (NTF01, NTF06, NTF319, NTF322) either alone or upon stimulation with conditioned medium from the SCC tumour cell lines. These experiments were performed to check if the stimulated-fibroblasts display the same trend.
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Figure 2.2. Schematic image showing the 2D conceptual experimental design to model tumour-stroma microenvironmental interactions. The above 2D-model proposed that SCC tumours secrete stimulating factors that may lead to stromal fibroblasts activation. 
2.2.3. [bookmark: _Toc521061295]Molecular assays
2.2.3.1.  RNA extraction
Total RNA was extracted from cell pellets using Bioline isolate RNA kit according to the manufacturer’s instructions. Briefly, cell pellets were lysed and filtered by centrifuging at 11,000xg for 1 minute. An equal volume of 70 % ethanol solution was added to the homogenized lysate to improve the RNA binding to the silica-based membrane of the spin column during centrifugation. Removal of contaminating genomic DNA was accomplished by incubation with DNase I at room temperature for 15 minutes. The column-bound RNA was washed three times and eluted with 40μl nuclease-free water. The purity and the concentration of the isolated RNA was quantified by means of Nano-Drop spectrophotometer and RNA samples with high purity (A260/A280 ratio equal to ~ 2.00) were utilized for complementary DNA (cDNA) synthesis and qPCR analysis.


 

2.2.3.2.  Complementary DNA preparation (reverse transcription)
Single stranded cDNA was synthesized from total RNA using High Capacity cDNA Reverse Transcription kit according to the manufacturer's protocol. In all experiments, 500 ng of total RNA was reversed transcribed per reaction using the following reagents as shown in table 2.3.
	Components
	Volume/Reaction (μl)

	10 ✕ RT Buffer
	2.0

	25 ✕ dNTP Mix 
	0.8

	10 ✕ RT Random Primers
	2.0

	MultiScribe™ Reverse Transcriptase
	1.0

	Sample RNA 
	X *1

	Nuclease free water
	Up to 20.0



Table 2.3. Reagents used to prepare cDNA. *1 (This volume is variable depending on the amount of RNA used in the reaction).
The samples were loaded into a thermal cycler and the machine programmed according to the recommended protocol as shown in table 2.4. At the end of the cycle run, the cDNA was stored at -20 ˚C for later qPCR analysis.
	Step
	Step 1
	Step 2
	Step 3
	Step 4

	Temperature
	16 °C
	42 °C
	85 °C
	4 °C

	Time
	10 minutes
	120 minutes
	5 minutes
	∞


Table 2.4. Times and temperatures used to prepare cDNA. 
2.2.3.3.  Quantitative polymerase chain reaction (qPCR)
Relative gene expression was detected using a Rotor-gene Q real-time PCR cycler in reaction cycles performed with pre-designed Taqman primers. The primers used and the reaction constituents are listed in table 2.5 and table 2.6 respectively. Quantifications for SCC gene expression were calculated using delta CT (ΔCT) values normalized to expression of the endogenous reference β-2-microglobulin (B2M) gene. The thermal cycles used in each PCR reactions are shown in table 2.7 and each run consisted of 40 cycles.
	Primers
	Hs code
	Supplier company

	CCL2
	Hs00234140
	Applied Biosystems, UK

	CCL5
	Hs00982282
	Applied Biosystems, UK

	IL-1R1
	Hs00991010
	Applied Biosystems, UK

	CXCL8
	Hs00174103
	Applied Biosystems, UK

	CXCL1
	Hs00236937
	Applied Biosystems, UK

	CXCL16
	Hs00222859
	Applied Biosystems, UK

	CXCL12
	Hs03676656
	Applied Biosystems, UK

	CX3CL1
	Hs00171086
	Applied Biosystems, UK

	CCL7
	Hs00171147
	Applied Biosystems, UK

	MIF
	Hs00236988
	Applied Biosystems, UK

	IL-1β
	Hs00174097
	Applied Biosystems, UK

	IL-1α
	Hs00174092
	Applied Biosystems, UK

	CXCL5
	Hs01099660
	Applied Biosystems, UK



Table 2.5. qPCR primers and corresponding Hs codes used in this study.

	Reagents 
	Volume (μl)

	Master Mix 
	5.0

	TaqMan® gene’s primer
	0.5

	Endogenous control primers (B2M)
	0.5

	cDNA (500 ng)
	0.5

	Nuclease-free water 
	0.5

	Total volume 
	10.0


Table 2.6. Reagents used in qPCR reactions.

	Step
	Step 1
	Step 2
	Step 3

	Temperature
	95 °C
	60 °C
	72 °C

	Time
	10 seconds
	15 seconds
	20 seconds


Table 2.7. Times and temperatures used for qPCR.
For quality control purposes a no cDNA (negative control) sample was run and each reaction was performed in triplicate. 
For measuring the relative change in gene expression of NTF compared with SCC-stimulated NTF the equation 2-ΔΔCT was used. For the ΔΔCT estimations to be valid the amplification efficiencies of the reference and target genes were assumed to be equal. The CT values obtained from qPCR instrumentation were copied into Microsoft-Excel spreadsheet. Then, the change in expression of the target gene was normalized to the endogenous reference gene - B2M (Livak and Schmittgen, 2001). The 2-ΔΔCT technique was utilized to estimate fold change in target gene expression between NTF and SCC-stimulated NTF where ΔΔCT = ΔCT control- ΔCT Target.
The ΔCT control was estimated by the following equation ΔCT control = CT target gene - CT reference gene where CT target-gene is the gene under analysis expressed by calibrator cell and CT reference gene is CT for the reference gene B2M calculated in the same sample. Additionally, the ΔCT target was estimated by the following equation ΔCT target = CT target gene - CT reference gene where CT target gene is gene under analysis expressed by the target cells and CT reference gene is CT for the reference gene, B2M measured in the same sample. The fold change for each experiment was calculated, and the mean for these fold changes was utilized to illustrate gene expression on the mRNA level in each of the studied cells. 
2.2.4. [bookmark: _Toc521061296]Immunoassays
2.2.4.1.  Chemokine/Cytokine protein array
Human Chemokine Antibody Array C1/Human Cytokine Array Panel A array were used to investigate the conditioned media produced from stimulated-NTF (NTF06) with SCC cell line conditioned media from UD SCC02, UPCI SCC090, UPCI SCC072 and UPCI SCC089. The assay was performed according to the manufacture’s protocol. In brief, cytokine array membranes were blocked with bovine serum albumin (BSA), before incubation with the conditioned media from stimulated or un-stimulated samples for 2 hours. After washing, membranes were incubated with a cocktail of biotinylated detection antibodies for 1.5 hours. Membranes were washed again, incubated with horseradish peroxidase-conjugated streptavidin, washed and subjected to chemiluminescent detection using ECL substrate and hyper-film. The relative expression of each individual chemokines/cytokines was calculated semi-quantitatively using densitometry with Quantity One software (Biorad, CA, USA) by measuring the dot intensity by means of drawing circle around its circumference and comparing it to the positive/negative control (Acosta et al., 2008, Murdoch et al., 2007). 
2.2.4.2.  Enzyme linked immunosorbent assay (ELISA)
ELISA was used to quantify the protein levels of CXCL8, CCL2, CCL5, IL-1α, IL-1β, and TNFα in conditioned media in accordance with the manufacture’s protocols. Briefly, the wells of 96-well plates were coated with the required concentration of captured antibody and incubated for 24 hours. The following day, unbounded antibodies were removed by washing with washing buffer and the non-specific binding sites blocked with the recommended serum-containing solution. After that, standards and the samples were incubated at room temperature for 2 hours. The unbounded proteins were removed by washing and the recommended concentration of biotinylated detection antibody and horseradish peroxidase (HRP)-conjugated streptavidin were loaded and incubated to each well at room temperature. Finally, TMB substrate solution was added followed by the stopping solution to stop the reaction. A spectrophotometer was used to measure the colorimetric reaction and programmed to 450 nm with a 570 nm correction readings. The readings taken at 570 nm were subtracted from the readings at 450 nm and then mean readings of standards and samples obtained. A standard curve was plotted using Deltasoft software program using log-log analysis, and target protein concentrations were obtained from the standard curve.



2.2.5. [bookmark: _Toc521061297]Immunohistochmical staining
2.2.5.1.  De-waxing of tissue sections
Immunohistochemistry (IHC) was utilized to detect the presence of specific cell markers in 3D-models and in tissue microarrays (TMA). Wax-embedded and frozen section tissues were sectioned 5 and 14μm respectively then mounted onto ‘SuperFrost’ glass slides. Complete paraffin (wax) removal was accomplished by immersing the slides in two changes of xylene. After that, the tissue sections were rehydrated through descending ethanol concentrations (100 %, 95 %, and 75 %) and the endogenous peroxidase blocked by using a solution of 3 % H2O2 diluted with methanol for 15 minutes. The tissue sections were washed with PBS for 5 minutes in preparation for antigen retrieval. The frozen sections were washed with PBS alone and antigen retrieval was not performed.
2.2.5.2. Antigen retrieval 
Antigen binding sites can be masked by methylene bridges that are formed during tissue fixation. These antigens sites were unmasked using sodium citrate buffer solutions (1.18g + 400 ml dH2O); to enhance the antigen unmasking the pH was adjusted to 6 and the antigen retrieval solution buffer pre-heated in a steamer to 95°C and then the tissue section slides were immersed in the solution for 15 minutes (or in the autoclave for 7 minutes with the highest temperature). The buffer solution was removed from the steamer and allowed to cool to room temperature, before being washed with TBS (PBS+0.05 % Tween20) for 5minutes.
2.2.5.3. Detection of leukocytes in 3D-model sections
Neutrophils, macrophages and T-lymphocytes in 3D-models were identified using specific markers, CD66b, CD68 and CD3 respectively. Following fixation and antigen retrieval, tissue sections were incubated with the recommended serum for each individual antibody in order to block non-specific binding sites. Normal goat serum was incubated with CD3 for 1 hour at room temperature. Horse serum was incubated with CD68 for 20 minutes at room temperature, while CD66b staining incubated with horse serum over night at 4°C. After incubation, the serum was removed and the appropriate concentration from each antibody was added (shown in section 2.1.5.) onto the tissue sections and incubated at room temperature for 2 hours for CD3 and CD66b, and overnight for CD68 at 4°C. After washing with TBS to remove the unbounded antibodies, suitable biotinylated secondary antibodies were added at room temperature for thirty minutes. Biotinylated anti-mouse secondary IgG antibody was used with CD66b and CD68 whilst biotinylated anti-rabbit secondary IgG antibody was used for CD3.  
The benefit of utilizing a biotinylated secondary antibody is to increase the staining signal by creation of an avidin-biotin complex. Following washing with TBS, HRP-conjugated streptavidin was added at room temperature for 30 minutes. 3, 3'-diaminobenzidine (DAB) chromogen was used to develop colour and the reaction stopped by washing with dH2O. Finally, the slide sections were counter stained with haematoxylin, acid alcohol, Scott’s tap water, dehydrated in ethanol and then immersed in xylene before mounting with DPX and cover slipped. Negative control was done using the same techniques; however without using primary antibody (or IgG was used as primary antibody) while the positive control was performed using sections from tissues known to abundantly express the target molecule.
2.2.6. [bookmark: _Toc521061298]Tissue microarray (TMA)
TMA is a novel useful approach to efficiently allow multiple histological analyses. TMAs are time saving, providing reliable data and can be used to study mRNA expression by in situ hybridization. Currently, TMAs have grown to be a standard research platform for histopathological analysis and correlations for large-scale studies. TMA make it achievable to hold up to 1000 separate tissue cores sample in array form (Pillay et al., 2010a, Kononen et al., 1998).
Tumour histology was examined by pathologists blinded to therapy and outcome according to the Royal College Guidelines 1998 and appropriate paraffin blocks chosen. The patients were treated in Weston Park Hospital Sheffield Teaching Hospitals NHS Foundation Trust. The cases were collected from 59 OPC (oropharyngeal cancer) patients retrospectively identified with HPV-positive (n=40) or HPV-negative (n=19) status (Dr. Robert Bolt, Ethical Approval, 12/LO/2018 NHS). The TMA preparation was done by Dr. Naeimma B Hendawi, as demonstrated in figure 2.3, using triplicate selected paraffin embedded tumour cores. Briefly, regions of interest in each block were identified and 1 mm diameter tissue cores acquired from the chosen representative regions. Next, the tissue cores were inserted into a recipient paraffin block at known locations. Finally, TMA were sectioned using a microtome and mounted on adhesive glass slides.
Automated immuno-staining was performed for CD3, CD68 and myeloperoxidase (MPO). The TMA sections were stained in the Histology Department of the Royal Hallamshire Hospital, Sheffield Teaching Hospitals NHS Foundation Trust via an automated staining machine, using optimized antibodies, with clinical pathology accreditation (CPA)-accredited to national diagnostic standards. The HPV-status of each tissue section was determined by p16 IHC and in situ hybridization (ISH). Slides were scanned to digital images using an Aperio ScanScope slide scanner and digital analyses performed using QuPath software program (Bankhead et al., 2017). In addition to image analysis, manual counting was performed for comparison with the digital analysis.
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Figure 2.3. Schematic images show the TMA preparation procedure. Illustration of working principle, punch needle (left), recipient paraffin-block module (middle) and TMA in glass slide (right). Adapted from (Yang et al., 2012).
2.2.7. [bookmark: _Toc521061299]Targeting IL-1R signalling and its role in cancer
2.2.7.1.  Measurement of chemokine release by stimulated-NTF with or without use of IL-1R antagonist (Anakinra)
Increasing numbers (5x105, 6x105, 7.5x105, and 10x105 NTFs per well) of NTF were cultured in 6-well plates to check the cell density and confluence as shown in figure 2.4.
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Figure 2.4. Images showing optimization of NTF densities. (A) 5x105, (B) 6x105, (C) 7.5x105, and (D)10x105. Scale bar= 100µm.

NTF at 6x105 per well was chosen because of the suitable confluence in order to obtain sufficient protein and RNA for down-stream analysis. NTF were cultured in 2 ml complete media overnight to allow cells to adhere. Conditioned media (1 ml) from UPCI SCC89 cells was added to the NTF and cells incubated for up to 4 hours at 37°C with 5 % CO2. Recombinant IL1-β (5 ng/ml) or serum-free medium alone were used as controls. IL1-β was selected to stimulate the fibroblasts, as it is a known pro-inflammatory cytokine that binds to IL-1R; UPCI SCC89 was chosen because conditioned medium from this cell line was shown to significantly increased chemokine secretion by NTF. Following incubation, conditioned media from the NTF was collected, centrifuged at 400xg to remove cell debris and stored at -80°C for later analysis by ELISA. NTF cells were lysed and total RNA extracted as detailed in section 2.2.3.1 for qPCR analysis. 

Anakinra was used to block IL-1R expressed by NTF. In these experiments NTF were cultured with increasing concentrations of Anakinra (0.1-100µg/ml) or media alone prior to stimulation with 1ml conditioned media from UPCI SCC89 cells for 4 hours 1ml recombinant IL1-β (5 ng/ml) or serum-free media alone was used as controls. Following incubation conditioned media was collected from all samples, centrifuged at 400xg to remove cell debris and stored at -80°C for later analysis by ELISA. NTF cells were lysed and total RNA extracted as detailed in section 2.2.3.1 for qPCR analysis.
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Figure 2.5. Schematic diagram showing the experiment design to conceptual 2D-model of tumour-stroma microenvironmental interactions. The above 2D-model proposed that microenvironmentally active tumour, represented by SCC, secrete stimulating factors. This may lead to stromal activation, stromal fibroblast represented by normal tonsil fibroblast. This in turn led to stromal release of further factors. This stimulation (up regulation) could be suppressed by targeting the IL-1/R axis by the recombinant antagonism of IL-1R (Anakinra).Abbreviation: conditioned media (CM).
2.2.8. [bookmark: _Toc521061300]Anakinra cytotoxicity assay
A cytotoxicity assay was performed to test the cytotoxic effects of Anakinra on NTF by measuring the metabolic activities of these cells as surrogate indicator for cell viability. NTF were harvested and seeded at 1x104 cells per well in 96-well plates. Then increasing concentrations of Anakinra (0-500µg/ml) added to the wells and cells incubated for 24 hours in humidified incubator at 37°C and 5 % CO2. At the end of incubation, cells were washed twice with PBS and 100μl of freshly prepared thiazolyl blue tetrazolium bromide (MTT) solution (0.5 mg/ml) was added to the cells that were then incubated for 2 hours at 37°C and 5 % CO2. The mitochondrial dehydrogenases of living fibroblasts can reduce the MTT dye solution to an insoluble formazan dark blue dye. Finally, the MTT dye was removed, cells washed with PBS and 50µl of acidified isopropanol added to dissolve the blue crystals formed. The colorimetric reaction intensity was calculated by plate reader at 540 nm with correction at 630 nm wavelength. Readings were normalized to a control sample of untreated (0 mg/ml Anakinra) 100 % vital fibroblasts. Cells fixed with 10 % PBS buffered formalin (100 % dead cells) were also used as controls. 
2.2.9. [bookmark: _Toc521061301]IL-1R1 protein expression analysis
2.2.9.1.  Immunofluorescence microscopy
For IL1-R1 visualization, 1x104 NTFs were cultured on sterilized glass cover slips in 24-well plates and incubated overnight in complete media at 37˚C with 5 % CO2. In next day, cells were washed twice with sterile PBS and fixed with 2 % paraformaldehyde for 15 minutes. After fixation, the cells were washed twice with PBS and blocked incubated for 15 minutes with 0.1 % Triton X-100 and 5 % BSA in PBS. After two washes with PBS, cells were incubated with 5μg/ml of either anti-IL-1R1, HLA class I (positive control) or IgG (negative control) at 4°C overnight in PBS with 3 % BSA. NTF were then washed twice with PBS and incubated with secondary antibody Alexa Fluor 488 goat anti-mouse (1:1000 v/v) in PBS with 3 % BSA for 1 hour in the dark at room temperature. After further PBS washes, cover slips were mounted in ProLong™ Diamond anti-fade containing DAPI to counter-stain the nucleus. The slides were left overnight in the dark at room temperature to set and samples visualized using a Zeiss 880 AiryScan confocal laser microscope (Carl Zeiss, UK) and imaged using Fiji Java version 6 image software. In addition, to boost the fluorescence signal, the Alexa Fluor 488 goat anti-mouse secondary antibody was replaced with a goat anti-mouse biotin-conjugated secondary antibody (1:1000 v/v) in PBS for 30 minutes, followed by phycoerythrin-conjugated streptavidin (1:100 v/v) for 20 minutes in the dark at room temperature with PBS and 3 % BSA.
2.2.9.2. Western blotting
2.2.9.2.1. Extraction of proteins
NTF were washed with cold PBS and then harvested by scraping into 200µl of ice-cold lysis buffer (10 ml RIPA buffer supplemented with one tablet complete mini-EDTA-free protease inhibitor cocktail) and incubating on ice for 30 minutes followed by centrifugation at 11,000xg for 10 minutes. The resulting supernatant was removed and stored at -80ºC for protein assay. The protein concentration was quantified using the bicinchoninic acid assay (BCA) according to the manufacturer's instructions.
2.2.9.2.2. SDS-Page gel preparation
The 15 % acrylamide gels were prepared in assembled gel casting glass plate sandwich cassettes in thickness of 1.5 mm; the volumes of each reagent are shown in table 2.8.
		Resolving gel 



	Stacking gel 

		Acrylamide 3.75 ml 



	Acrylamide 0.975 ml 

	Lower Tris 2.5 ml 
	Upper tris 2.1 ml 

	dH2O 3.55 ml 
	dH2O 4.725 ml 

	TEMED 5 µL 
	TEMED 17 µL 

	APS 10% 350 µL 
	APS 10% 100 µL



Table 2.8. SDS PAGE conditions used in this study. 
2.2.9.2.3. Sample preparation and electrophoresis 
Total protein lysate (10, 20 and 40 μg) was loaded with the equivalent volume of 2x SDS lysis buffer and heated at 95ºC in a hot-block for 5 minutes. After which, the gels were positioned into the XCell Sure lock Mini Cell according to manufacturer’s instructions with 1x SDS running buffer added into the centre and surrounding of the mini cell. Protein samples from NTF were loaded into wells. The Colorplus pre-stained protein ladder was used as molecular weight reference. The gels were run at 150 volts for 60 minutes. 
2.2.9.2.4. Electro-transfer
The gels were transferred onto nitrocellulose membranes utilizing the Trans-Blot TorboTM transfer system. The settings of the machine were programmed with mixed molecular weight according to the manufacturer’s instructions. Then, the nitrocellulose membranes were stained with Ponceau solution to check for protein transfer and then washed with dH2O.




2.2.9.2.5. Immuno-detection and membrane development
Following transfer, the nitrocellulose membrane was blocked with 5 % milk powder in 10 mM Tris-buffered saline containing 0.5 % Tween-20 (TBST) at room temperature on a shaker for 1 hour. Then, nitrocellulose membranes were incubated with primary antibody (mouse monoclonal anti-IL-1R1, 1:100 v/v in 5 % TBST) for 2 hours at room temperature on a shaking platform. After washing 3 times with TBST (10 minutes each wash) nitrocellulose membranes were incubated with secondary antibody (anti-mouse HRP, 1:3000 v/v in 5 % TBS-T) at room temperature in a shaking platform for 1 hour. Finally, the nitrocellulose membranes were washed 3 times, as described previously, and bands visualized using enhanced chemimluminescence (ECL) and Pierce ECL Western blotting substrate in accordance with the manufacturer’s protocol. Briefly, the membrane was covered with clear film, then exposed to an X-ray film in a dark room and developed by means of a Compact X4 Developer. Membranes were stripped of antibodies by utilizing 10 ml of stripping buffer for 30 minutes at room temperature on a shaking platform and followed by washing with TBS. Membranes were re-probed for β-actin as a loading control.
2.2.10. [bookmark: _Toc521061302]IL-1R1 siRNA transient transfection
siRNA knock-down of NTF IL-1R1 was performed according to the manufacturer's instructions (Qiagen). In brief, NTFs were seeded at density of ~ 3x105 cells per well in 6-well plates in 2ml of serum-containing media and incubated at 37°C in 5% CO2 for 24 hours. The following day, cells were washed twice with PBS and 2.3ml fresh media containing serum was added to each well and incubated. The transfection reagents (shown in the table 2.9) were diluted by adding 100 µl nuclease-free H2O to 10 μM siRNA stock concentration. The transfection complexes were made up to a final concentration of 300 nM siRNA. The transfection complex was prepared for each well with 100µL serum free medium, 12 µl of Hi-Perfect transfection agent and 3 µL of siRNA (Each individual siRNA used are provided in table 2.9). The transfection complexes were mixed by vortexing for 10 seconds and incubated for 10 minutes at room temperature, to allow transfection complex formation. 110 µl of transfection complex was added drop-wise in each well and the plates swirled to ensure equal distribution of the transfection complex. Cells were incubated for different intervals 24, 48 and 72 hours at 37°C in 5 % CO2 with serum-containing media, to identify the best transfection time. Control cells received transfection agent but no siRNA. After the incubation time, NTF were trypsinised and processed for gene and protein analysis. The transfection kit and reagents used in this study were selected according to their use in previously published study on oral fibroblasts (Jung et al., 2010).
	Reagents
	Description

	1-SI00017598
	FlexiTube siRNA

	2-SI00017591 
	FlexiTube siRNA

	3-SI00017584
	FlexiTube siRNA

	4-SI00017577
	FlexiTube siRNA

	HiPerFect
	Transfection agent


[bookmark: m_4486880692768493254__Ref486074403]Table ‎2.9. List of transfection reagents used for NTF transfection. All reagents were supplied by QIAGEN.
2.2.11. [bookmark: _Toc521061303]Tumour-stroma 3D-model co-culture 
Fibroblasts play an important role in the tumour microenvironment and have been revealed to participate in driving cancer progression (Räsänen and Vaheri, 2010). To investigate the interactions between tumours and stroma, NTFs and multi-cellular tumour spheroids of UPCI SCC090 cells (HPV-positive) or FaDu cells (HPV-negative) were incorporated into a 3D collagen co-culture model in order to replicate the tumour-stroma interactions that occur in a 3D environment. Seeding densities for both NTF and spheroids were optimized according to the number of cells used in the 2D-model.
2.2.11.1. Spheroid generation
Spheroids for both FaDu and UPCI SCC090 (cells used in the 2D-model system) were produced by the liquid overlay technique from single cell suspensions as demonstrated previously (Colley et al., 2011). Briefly, 100 μl of molten 1.5 % agarose type IV in serum-free medium (3 g agarose to 200ml media) was added to each well of a 96-well plate and allowed to cool. Agarose IV-coated plates were stored inverted at 4°C. The tumour cells were cultured as monolayer in T75 flask and harvested as described in section 2.2.1.4. Cells were re-suspended at a seeding density of 1×105 cells/ml in serum-containing media and 100 μl of the cell suspension added to each well of a pre-warmed agarose-coated 96-well plate using multichannel pipetting and incubated for 3-4 days at 37˚C, 5 % CO2. Tissue culture media was replenished every two days by loading 100 μl of fresh serum-containing medium to each well and after that removing 100 μl medium. Spheroids formation is shown in figure 2.6. Spheroids for FaDu were generated previously by other studies (Colley et al., 2011); however, UPCI SCC090 spheroids were generated for the first time in our laboratory. Spheroids were used to represent the 3D architecture of tumours found in cancer patients. 
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Figure 2.6. Schematic diagrams showing the procedure of spheroid production for both FaDu and UPCI SCC090.
2.2.11.2. Generation of 3D-coculture model system
Isolation of collagen type I from rat-tails.
Collagen type I was isolated from the tails of rats (kindly donated by the research group of Professor Fiona M. Boissonade, University of Sheffield). Rat tails were stored at -20ᵒC, and when required these were thawed and processed as described previously (Martino et al., 2016). Briefly, in sterile conditions, rat tails were folded and twisted to expose the underlying tendons and bone. The bone was sectioned, and exposed tendons were incised and washed in PBS twice vigorously. The tendons were dissolved in 0.1 M sterile acetic acid for 7 days at 4°C with stirring. The resultant collagen solution was freeze-dried using a ‘VirTisBenchtop K Manifold freeze drier’ and then stored at -80°C for later use. When required, collagen was re-dissolved in 0.1 M acetic acid to a concentration of 5 mg/ml and incubated at 4°C for 24 hours to be used thereafter in the 3D collagen co-culture model.
2.2.11.3. Preparation of 3D collagen co-culture model
The 3D collagen model was prepared as previously described (Dongari-Bagtzoglou and Kashleva, 2006) but with modifications. Briefly, keeping the whole components on ice, collagen type I was mixed with 10x RPMI (or DMEM), FBS, L-glutamine, reconstitution buffer RB (a mixture of 22 mg sodium bicarbonate added to 1 ml of 20 mM HEPES (476.6 mg of HEPES (MW=238.3) to 100 ml dH2O) and media containing cells. Table 2.10 shows the components and their volumes used to prepare ten 3D collagen models. Sodium hydroxide (4 g NaOH in 100 ml) was used to neutralize the collagen to pH 7.4 using a pH meter.
	Components
	Volume (ml)

	10x RPMI or DMEM
	1.00

	RB
	1.00

	FBS
	8.30

	L-glutamine
	0.1

	Collagen type I
	6.73

	Medium
	0.33



Table 2.10. Final volume of components used in the preparation of ten 3D collagen models. Abbreviations: reconstitution buffer (RB) and fetal bovine serum (FBS).

2.2.11.4. Development of reproducible 3D-model tumour/fibroblasts co-culture.

3D collagen co-culture models were prepared by adding 2x105 NTF within 1 ml of collagen along with 60 FaDu or UPCI SCC90 spheroids as shown in figure 2.7. The number of fibroblasts to tumour cells was calculated in accordance with the 2D-model work that kept the ratio of NTF to SCC cells at 1:3 as illustrated in section 2.2.2. Each FaDu or UPCI SCC90 spheroids consisted of approximately ~1x104 cells. After embedding the cells and spheroids, the collagen gels were added to wells of a 48-well plate and allowed to set for at least 1h at 37˚C, 5 % CO2. Once the 3D collagen co-culture model had set, 1 ml of serum-containing media was added and cells incubated for 24 hours at 37˚C, 5 % CO2.
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Figure 2.7. Schematic diagram showing a 3D co-culture model in collagen and histological section containing tumour spheroids co-cultured with NTF. (A) diagram demonstrating the component of the 3D-model co-culture. (B) Tissue section of the in vitro 3D-model showing the tumour spheroids embedded with fibroblasts after 48 hours. Scale bar 200µm.
2.2.11.5. 3D-model vitality Assay PrestoBlue®
[bookmark: m_-4296017350815306757__Hlk484888704]To check cell vitality in the 3D collagen co-culture model, PrestoBlue® viability assay was used according to the company’s protocol. Briefly, 3D collagen co-culture models were prepared as explained previously in section 2.2.10.4 and incubated with serum-containing medium for 48 hours at 37˚C, 5 % CO2. The media was then aspirated and the 3D collagen models washed twice with serum-free medium before addition of fresh media loaded with 1:10 dilutions of PrestoBlue® reagent and cultures incubated for 2 hours. PrestoBlue® is quickly taken up by metabolically active cells where the reducing environment within vital cells changes the colour of the reagent dye. This colour change can be measured by fluorescence excitation at 560 nm and emission at 590 nm.


2.2.11.6. Generation 3D collagen co-culture model conditioned medium
Tumour spheroids and NTF were co-cultured in the collagen and incubated with 1ml serum-containing media for 24 hours at 37˚C in a 5 % CO2. This incubation was performed to allow the spheroids and NTF to interact with each other and to stimulate NTF. The next day, the 3D collagen models were washed twice with serum-free media and incubated for a further 24 hours with 0.5 ml of serum-free medium. After that, conditioned media were collected, centrifuged at 400xg for 5 minutes to remove debris and then stored at -80oC for later analysis as demonstrated in figure 2.8. Conditioned media were generated from NTF alone, tumour spheroids alone, NTF co-cultured with spheroids for FaDu or UPCI SCC90 and with and without the IL-1R antagonist, Anakinra.
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Figure 2.8. Schematic image showing collection of conditioned media from tumour-stroma microenvironmental interactions in the 3D-model. The above 3D-model proposed that microenvironmentally active tumours, represented by tumour spheroids, secrete stimulating factors. 





2.2.11.7. Isolation of human leukocytes from peripheral blood by density gradient centrifugation method
Whole venous blood was collected to isolate leukocytes subsets. Density gradient centrifugation was utilized to isolate the leukocytes from whole blood in accordance with the modified process by (Murdoch et al., 2007). 15 ml of peripheral blood was collected by venepuncture of the brachial vein from healthy volunteers with written, informed consent (Dr. Craig Murdoch, University of Sheffield Ethical Approval 012597). The collected blood was anti-coagulated by adding 3.8 % sodium citrate and centrifuged to separate the plasma from whole blood cells for 20 minutes at 400 xg. The upper plasma layer was aspirated and the remaining blood cells (RBC/WBC) were diluted 1:1 v/v with Hank's Balanced Salt Solution (HPSS) without Ca+2 or Mg+2 to maintain an osmotic pressure and physiological pH. After that, 20 ml of Ficoll-Plaque was added to the bottom of the tube, 30 ml blood layered on top and centrifuged for 40 minutes at 400 xg at room temperature with the break set to zero. Subsequent to centrifugation, the blood was separated into four layers as shown in figure 2.9. 
The mononuclear leukocyte layer (containing monocytes and lymphocytes) was cautiously aspirated into different fresh tubes while the neutrophils in the bottom polymorphonuclear granulocyte/erythrocyte layer were kept. In order to isolate the neutrophils, erythrocytes were lysed by means of hypertonic lysis utilizing cold sterile water for 30 seconds then adding an equal amount of 1.8 % NaCl to keep the suspension to an isotonic status. Neutrophils were centrifuged at 400xg for 15 minutes and the procedure repeated 4-5 times until all erythrocytes had been lysed. The mononuclear cell tube was made up to 50ml with HBSS, centrifuged at 400xg for 15 minutes and the supernatant discarded. This step of washing and re-suspending cells was repeated three times to produce a cell pellet of total mononuclear cells. Then, the neutrophil-pellet and mononuclear leukocyte pellet were re-suspended together in serum-containing medium and incubated for 45 minutes with Cell-Tracker far red (1:1000 v/v dilution) according to the manufactures instructions to a final concentration of 2 μM.
The far-red colour was chosen because the NTF have natural green auto-fluorescence so that far-red will differentiate leukocytes from NTF and tumour cells. Cells were incubated at 37˚C in 5 % CO2 and then centrifuged, washed twice with HBSS to remove excess fluorescent Cell-Tracker from the media. The cells were incubated again for a further 45 minutes in serum-containing media at 37˚C in a 5 % CO2. Cell viability was assessed by Tryptan blue exclusion (1:10 v/v dilution) and viability was greater than 95 % by microscopy. Finally, the cells divided in equal volumes and loaded on the top of the 3D collagen co-culture models.
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Figure 2.9. Schematic diagram showing the layers obtained after density gradient centrifugation for isolation of the leukocytes from peripheral venous blood.

2.2.11.8. Flow cytometric analysis of leukocytes chemotaxis using Cell-Tracker

A FACS Caliber flow cytometer was used to analyze the migration of freshly isolated leukocytes into 3D collagen co-culture models. After isolation of freshly isolated fluorescently-labelled leukocytes as previously mentioned in section 2.2.10.7, far-red-stained leukocytes were loaded on the top of the 3D collagen models and incubated for 24 hours at 37˚C in a 5 % CO2 with serum-containing media (figure 2.10). The next day, the media was aspirated and the 3D collagen models washed twice with HBSS without Ca2+, Mg2+ to remove any non-migrated leukocytes. Collagenase type I was used to dissolve the collagen and harvest the cells. Collagenase I was made up at 10 mg/mL in HBSS and used at a final concentration of 2 mg/ml. The 3D collagen models were cut into smaller pieces using a scalpel and incubated on a shaker overnight at 37˚C in a 5 % CO2. After dissolution of the collagen the cells in each well of the 48-well chamber were collected in a micro-tube, washed with HBSS, centrifuged at 400xg for 5 minutes and fixed in 300 μl of 2 % paraformaldehyde for flow cytometric analysis.

Four types of cultures in the 3D collagen models were used to compare between numbers of attracted leukocytes. The cultures were as follows: 3D collagen model alone (negative control), NTF alone, NTF/MTCS co-culture with either FaDu or UPCISCC90 MCTS. The samples were stored at 4ºC for later flow cytometry analysis.

The flow cytometry detectors of forward incidental light scatter (FSC) and side incidental light scatter (SSC) were programmed to calculate the values that optimized visualization of fluorescent-leukocytes stained with Cell-Tracker far-red. A threshold was used on the FSC detector to exclude small sub-cellular particles from acquisition. The samples were then acquired by FACS Calibur flow cytometer for a set time of 30 seconds. Finally, the numbers of events counted by the machine throughout this time were utilized as a measure of relative chemotaxis rate of leukocytes into the 3D collagen model. FlowJo software (TreeStar) was used to analyze the data. 
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Figure 2.10. Schematic images shows 3D-model co-culture with leukocytes. (A) 3D-model hydrogels containing on its top WBC as control. (B) 3D co-culture model hydrogels of HNC spheroids co-cultured with NTF and WBC. Abbreviations leukocytes (WBC) and control (Ctrl).
2.2.11.9. Frozen section preparation
To prepare frozen sections, 3D collagen co-culture models with migrated leukocytes were fixed with 4 % paraformaldehyde for 24 hours. The 3D-models were frozen by means of OCT Compound as specimen matrix and sectioned in 14 µm slices using a cryostat. The frozen sections were mounted on adhesive glass slides and slides stained with ProLong Diamond™ anti-fade containing DAPI to stain the nucleus to visualize the fluorescent-leukocytes in the 3D-models. The slides were also stained by IHC to specifically visualize neutrophils (CD66b+), monocytes (CD68+) and T cells (CD3+) as illustrated in section 2.2.5. The stained sections were visualized using an inverted microscope supplied with a digital camera.
2.2.12. [bookmark: _Toc521061304]Statistics
Data presented are from three individual experiments performed in triplicate and the results are expressed as mean +/- standard deviation (SD) unless otherwise stated. Data were subjected to normality testing and statistical significances were estimated using parametric unpaired Student’s t-test or non-parametric Mann-Whitney U test to test the difference between two variables. Parametric one-way ANOVA and non-parametric Kruskal–Wallis test for multiple variables were used if more than two variables were tested. The results were considered statistically significant if p≤0.05. All statistical evaluations were performed using GraphPad Prism (version 7, USA). SPSS version 21 was used to analyse cumulative survival according to Kaplan-Meier method.
2.2.13. [bookmark: _Toc521061305]Ethics
All the experiments were done in an ethical manner. The volunteers/individuals participated in this study with written, informed consent with approval from the University of Sheffield Ethics Committee or National Research Ethical Approval. Use of archival TMA, the isolation and use of normal tonsil fibroblasts were permitted with National Research Ethical Approval as highlighted in the appropriate sections.






[bookmark: _Toc521061306]Chapter three: Prognostic values of tumour-infiltrating leukocytes in HPV-positive and HPV-negative OPC using a tissue microarray study.
3.1. [bookmark: _Toc521061307] Introduction

Leukocytes, primarily neutrophils, monocytes and lymphocytes orchestrate the host innate and adaptive immune responses toward infection. In addition, there is a large body of convincing data proposing these leukocytes infiltrate tumours where they play a role in cancer cell elimination or cancer progression, depending on the leukocyte subtype and activation status. In vitro studies have shown that cancer cells secrete cytokines such as CXCL12 and GMCSF/MSCF that have the ability to stimulate neutrophil and monocyte generation and release from the bone marrow. In addition, tumour cells also secrete chemokines that mediate their recruitment to the tumour environment (Dumitru et al., 2013b).  In turn, it is known that these immune cells, once recruited, secrete factors such as growth factors and proteases that result in tumour angiogenesis and the attraction of more leukocytes subtypes (Tazzyman et al., 2009, Jablonska et al., 2010). 

Several studies have shown that the presence of tumour-associated neutrophils (TAN) are associated with unfavourable outcome in many cancer types including HPV-negative HNC, including OPC (Donskov, 2013, Trellakis et al., 2011a). High levels of Tumour-associated macrophages (TAM) have also been associated with poor prognosis (Lechien et al., 2017). In contrast, high lymphocyte levels, in particular CD8+ (CTL) T-lymphocytes have been linked with better prognostication in HNC (Wallis et al., 2015b). Therefore, the levels of tumour-infiltrating leukocyte sub-types have been associated with disease burden or survival but the number of these cells varies in different tumour types and from patient to patient (Huang et al., 2015). To date, there is little known about the relative levels of tumour-infiltrating leukocyte subtypes in HPV-positive and HPV-negative OPC and if these levels are linked to disease burden and prognosis.

The majority of HPV-positive OPCs have a significantly better response to treatment than HPV-negative OPCs (Langendijk and Steenbakkers, 2017). However, some patients with HPV-positive OPC have been associated with poor prognosis mainly due to metastasis (Huang et al., 2013), or because of heavy smoking and they lose the significant favourable final therapeutic responses (Lassen et al., 2018, Sethi et al., 2012, Gillison et al., 2012). Since the number and type of tumour-infiltrated leukocytes appear to have prognostic value in various cancer types including HPV-negative HNC/OSCC, then these parameters may assist in individualising the therapeutic decisions for HPV-positive versus HPV-negative OPC (Gouw et al., 2018, Solinas et al., 2017, Hendry et al., 2017).

Tissue microarray (TMA) technology is a valuable technique to assess tumour biopsy sections from large cohorts of patients. TMAs are widely used in cancer research alongside immunohistochemistry (IHC) staining to examine the presence of potential biomarkers (Mulrane et al., 2017). In a TMA, small representative tumour areas from numerous patients can be examined on one microscope slide either by histological or IHC. This circumvents the necessity of cutting and staining individual sections from each patient, making the staining procedure and the analysis more manageable for large cohorts.

TMAs can be assessed by manual scoring of the stained sections on the microscopic slide using traditional estimation techniques. However, this method has been criticised as being subjective, with large intra-observation variances between pathologists noted that has an impact on data reproducibility (Hamilton et al., 2009, Polley et al., 2013). Moreover, the process is very time consuming and not particularly appropriate for large-scale tissue sample biomarker studies. 

Current techniques now include digitally scanning the entire microscope slide with a high-resolution scanner such as ‘AperioScan’ to produce high quality images for further down-stream processing. Moreover, given the right parameters, these images can be analysed in a non-subjective automated manner using digital pathology techniques (Pantanowitz et al., 2011, Hamilton et al., 2014). Common software used includes Cell Profiler (Lamprecht et al., 2007), Icy (De Chaumont et al., 2012) and Fiji (Schindelin et al., 2012). The type of analysis for each software performs varies, as does their cost of purchase and therefore their availability to the scientific community. Open source software is only recently available (Nelissen et al., 2014, Deroulers et al., 2013).





Hypothesis

Individuals with HPV-positive OPC have a better prognosis than individuals with HPV-negative OPC in this patient cohort. In addition, there will be significant differences in the numbers of tumour-infiltrating leukocytes in the biopsies of patients with HPV-negative OPC compared to those with HPV-positive tumours and this will influence prognosis.


3.2. [bookmark: _Toc521061308] Aims

1- To assess the usefulness of an open source software programme to analyse TMA made up from a cohort HPV-negative and HPV-positive OPC.

2- Use biomarkers for presence of HPV along with clinical parameters to assess if HPV-status confers prognosis in OPC in this cohort of patients.

3- Perform IHC directed against cell-type specific biomarkers to determine the levels of subpopulations of tumour-infiltrating leukocytes (neutrophils, macrophages and T-lymphocytes) and if these vary significantly in HPV-negative compared to HPV-positive OPC.








3.3. [bookmark: _Toc521061309]Methods

An analytical study was performed to inspect the relationship between HPV-status and three parameters of the tumour microenvironment: the presence of tumour-associated neutrophils (TAN), tumour-associated macrophages (TAM) and tumour-infiltrated lymphocytes (TIL). The leukocyte infiltrations in HPV-positive/HPV-negative OPC were analysed and compared with normal tonsil tissue sections as well. Representative tissue sections from each patient tumour wax-embedded block was stained with haematoxylin and eosin and examined by an expert oral pathologist (Prof. Keith D. Hunter) to confirm the histological diagnosis. Areas of tumour sections were chosen that displayed more than 70 % cellularity and minimal regions of necrosis. The TMAs were prepared and stained as previously described in section 2.2.6. The HPV-status was confirmed for each case depending on the expression of p16 and ISH for HPV16/18 E6/E7 (performed by Dr. Naeimma B. Hendawi, University of Sheffield) (Robinson et al., 2010).

The presence of infiltrating leukocytes was determined using IHC for cell type specific markers based on the literature. Myeloperoxidase was used as a specific marker for TAN, CD68 was used for TAM and CD3 used for tumour-infiltrating lymphocytes. The number of MPO+ neutrophils, CD68+ macrophages and CD3+ T lymphocytes (TIL) were analysed in whole 1 mm2 core sections. Cores with insufficient histology (more than 50 % missing) or folded-tissues making them difficult for interpretation were excluded from the analysis (Nocito et al., 2001). Leukocytes within the blood vessels were not included in the analysis. The TMA was scanned and the images visualised on the computer screen to check for missing cores. The cumulative mean of percent to the positively expressed infiltrated leukocytes was calculated for individual patient biopsies to ensure that the resultant data was reliable and free from data variation. The TMA images were analysed digitally using Qupath software (Bankhead et al., 2017) and compared with manual counting for evaluation. The software settings used are described in section 3.3.2. The cores were taken from diagnostic biopsies and so detailed demographic and clinical patient information was obtained and recorded until death or loss in follow-up.

The stained TMAs were blindly evaluated with regard to HPV-status and treatment outcome.  The mean percentage of the positive expression of each marker was used in this study because not all the cores contained the same number of cells. In some instances, the patient samples were subdivided into high and low expression groups (dichotomized labelling) depending on weather their value was greater or smaller than the median (median of means) (Balermpas et al., 2014a). The statistical analysis was performed using Graphpad prism version 7 using a non-parametric Mann Whitney test because the data was not normally distributed and for survival analysis SPSS version 21 was used to test for HPV-status effect in cumulative survival according to Kaplan-Meier method.
3.3.1. [bookmark: _Toc521061310]Demographic and clinico-pathological patient characteristics
The patients' characteristics are summarized in table 3.1 including demographic, clinical and pathological information at the time of diagnosis. In this study design the cohort was composed of 59 retrospective cases; 40 HPV-positive OPC and 19 HPV-negative OPC cases. The diagnosed patients were primarily treated by surgical intervention, radiotherapy, chemotherapy or a combination of methods between the periods 2002-2012. The HPV-status was ascertained at the time of tumour diagnosis and re-confirmed by p16 and ISH before conducting the leukocyte analysis. The cohort comprised of 14 (23.72 %) female and 45 (76.27 %) male with follow up time ranging from (6 months-7.6 years). The mean of ages for the entire cohort was 55.49 years. The mean age for HPV-positive cases was 55.13 years ranging from 29-66 years, while for HPV-negative mean age was 56.26 years ranging from 31-70 years. The OPC were located in tonsils (HPV-positive n=28, HPV-negative n=9), base of the tongue (HPV-positive n=11, HPV-negative n=7), posterior wall of pharynx (HPV-positive n=0, HPV-negative n=1), soft palate (HPV-positive n=0, HPV-negative n=1), and nasopharyngeal (HPV-positive n=1, HPV-negative n=1).

The lymph nodes were not involved (N0) in 3 cases for each HPV-positive/HPV-negative subgroup, while it was involved in ipsilateraly from single to multiple (N1-N2a) (HPV-positive n=28, HPV-negative n=13), while the contralateral or bilateral lymph node involvement (N2b-N3) were recorded as (HPV-positive n=7, HPV-negative n=3). There was no metastasis at the time of diagnosis, however during the follow-up 1 case of HPV-positive and 2 cases of HPV-negative suffered from distant metastasis. Recurrence was reported in 1 local recurrent case with HPV-positive and 2 cases divided between local and regional in the HPV-negative patients. Follow-up demonstrated a low number of deaths were only 1 patient died of disease in HPV-positive OPC, whilst 4 patients died in the HPV-negative cohort.

	Characteristics
	HPV-positive
	HPV-negative

	Total
	59 (100 %)
	40 (67.79 %)
	19 (32.21 %)

	Gender
	Female 
	14 (23.72 %)
	10 (25 %)
	4 (21.05 %)

	
	Male 
	45 (76.27 %)
	30 (75 %)
	15 (78.94 %)

	Age (year)
	Average
	55.13
	56.26

	
	Range
	29-66
	31-70

	Alcohol1

	Never
	3 (7.5 %)
	0 (0%)

	
	Low
	22 (55 %)
	6 (31.57 %)

	
	Heavy
	4 (10%)
	7 (36.84 %)

	Smoking2
	Smoker 
	13 (32.5 %)
	9 (47.36 %)

	
	Non-smoker 
	11 (27.5 %)
	0 (0 %)

	
	Ex-smoker 
	9 (22.5)
	7 (36.84 %)

	Site
	Tonsil
	28 (70 %)
	9 (47.36 %)

	
	Base of tongue
	11 (27.5 %)
	7 (36.84 %)

	
	Post wall of pharynx
	0 (0 %)
	1 (5.26 %)

	
	Soft palate
	0 (0 %)
	1 (5.26 %)

	
	Nasopharyngeal
	1 (2.5 %)
	1 (5.26 %)

	Disease stage
	Stage  I
	8 (20 %)
	2 (10.52 %)

	
	Stage  II
	16 (40%)
	5 (26.31 %)

	
	Stage  III
	5 (12.5 %)
	6 (31.57 %)

	
	Stage  IV
	10 (25 %)
	5 (26.31 %)

	T-Stage3
	T1/T2
	24 (60 %)
	7 (36.84 %)

	
	T3/T4
	15 (37.5%)
	11(57.89 %)

	N-stage 4
	N0
	3 (7.5 %)
	3 (15.78 %)

	
	N1-N2a
	28 (70 %)
	13 (68.42 %)

	
	N2b-N3
	7 (17.5%)
	3 (15.78 %)

	M-Stage
	0 (0 %)
	0 (0 %)

	Grade5
	Poor
	25 (62.5 %)
	9 (47.36 %)

	
	Moderately
	9 (22.5 %)
	8 (42.1 %)

	
	Well
	2 (5 %)
	1 (5.26 %)

	Recurrence
	Local
	1 (2.5 %)
	4 (21.05 %)

	
	Regional
	0 (0 %)
	2 (10.52 %)



Table 3.1. Demographics and patient characteristics involved in this study at time of diagnosis. Non-documented cases in the records as follow 1(11 HPV-positive, and 6 HPV-negative),2 (7 HPV-positive and 3 HPV-negative), 3(1 HPV-positive and 1 HPV-negative), 4 (2 HPV-positive not documented), 5 (4 HPV-positive and 1 HPV-negative).

3.3.2. [bookmark: _Toc521061311]Software settings used to analyze TMA
Image acquisition for stained TMA was obtained by high resolution scanning using an ‘AperioScan’ scanner. QuPath software was used to analyse the biomarkers in TMA images as previously described (Bankhead et al., 2017). Briefly, software settings used to quantify the IHC-stained cells was performed as outlined in figure 3.1 A-G. Separated project was performed for each individual biomarker within the program. The first step in the analysis process after importing the image was TMA dearraying (i.e. making a circle around each individual core as shown in figure 3.1 B. The circles were manually amended when necessary to adjust their location, position or alignment or were removed altogether when cores were missing or a visible defect in a core detected. All circles were standardised at 1.2 mm2 in order to completely encircle the 1 mm2 cores.

Next, stain estimation including the background was performed on each individual TMA image to improve the stain separation within the program. This was done by choosing a representative area that contained examples of background, strong or weak haematoxylin and DAB staining as shown in figure 3.1 C. The command ‘Analyse – preprocessing - Estimate stain vectors’ was selected within the Qupath program in order to identify the staining vectors within that selected area.

Tissue detection and cell counting is shown in figure 3.1 D-F. Here tissues were distinguished via thresholding a down-sampled and smoothed core-image within each TMA image figure 3.1 D. This was followed by cleaning up the resultant binary image via morphological processing. To perform this step the command ‘Analyse – Preprocessing Simple Tissue Detection’ was selected. The values for the threshold and pixel size were 220 and 4 µm respectively figure 3.1 E. The individual cells were spotted via stain separation utilizing colour deconvolution. In addition, peaks were distinguished in the haematoxylin channel alone or the combination of DAB and haematoxylin channels together after smoothing figure 3.1 F. Then, the negative or positive cells were assigned depending on the information from the smoothed DAB channel, by finding the centre of the nucleus figure 3.1 F. This was done by clicking the command ‘Analyse - Cell Analysis - Fast Cell Counts’. The designated area and the number of positive cells were utilized to count the number of positive cells per mm2.

The detected cells are exported with marked - image for visual confirmation as shown in figure 3.1 F. The resultant data was generated by choosing the command ‘Measure - Show TMA – Measurements’ and data exported in a spreadsheet that was transferred to statistical software for further analysis.
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Figure 3.1. Image demonstrating the software settings of the QuPath program used to analyse the TMA. The TMA were scanned using and ‘Aperioscan’ scanner and the digital images imported into the QuPath program and displayed on the computer screen. (A) Typical TMA image showing core distribution. (B) TMA dearraying analysis grid. (C) TMA tissue detection in one core, scale bar=100 µm; stain estimation vectors in the selected area (yellow box) (D) Magnified TMA core tissue detection, scale bar=200 µm. (E) Increased magnification of a TMA core, scale bar 100 mm (F) Magnified TMA core showing cell selection based on haematoxylin-stained nuclei or DAB positive stained cells, scale bar 20 µm (G) TMA image after all cores were detected and cells counted. (H) TMA output measurements obtained from the QuPath program. All the images were taken from the program during software settings.


3.4. [bookmark: _Toc521061312]Results
3.4.1. [bookmark: _Toc521061313]HPV-status and prognosis
Kaplan-Meier survival analysis was used to assess HPV-status and its association with prognosis and overall survival. OPC cases were stratified for HPV-status and survival time for five years (60 months) follow-up as shown in figure 3.2.  The stratification of patients in relation to HPV-status showed that individuals with HPV-positive OPC significantly (p=0.04) correlated with better overall 5-year survival than individuals with HPV-negative OPC. 

Eleven fatality cases in this cohort were divided between n=5 HPV-positive and n=6 HPV-negative OPC. The fatalities in the HPV-related OPC cohort were without disease (n=2), due to infection (n=1), unknown cause of death (n=1), and only n=1 out of 5 died because of cancer. In the HPV-negative cases n=6 died-cases, died without disease (n=1), without evaluation (n=1) and n=4 out of 6 died because of disease (cancer). The deaths due to other causes were not included in the survival analysis. (n=number). 
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Figure 3.2. Kaplan-Meier plot for overall survival of HPV-positive and HPV-negative OPC. The analysis was stratified according to the number of deaths for HPV-positive versus HPV-negative in the total number of cohort for five-years (60 months) follow-up period. y axis is  cumulative (cum survival), x axis is time (months).This graph was done by Dr. Naeimma B. Hendawi.


3.4.2. [bookmark: _Toc521061314]Tumour-infiltrating leukocytes
Tumour-infiltrated leukocytes subsets MPO (neutrophils), CD68 (macrophages) and CD3 (T cells) were analysed in 59 patients with OPC using TMA images obtained from paraffin-embedded tissues sections (representative images are shown in figure 3.3. Each infiltrated leukocytes subset was analysed as total number of infiltrating leukocytes and then by dichotomized labelling according to high and low infiltration depending on the median value of cases in addition to analysis according to the disease stage to test whether leukocytes infiltration along with HPV-status was stage dependent.

According to the patient information at the time of diagnosis, the majority of cases were male for HPV-positive (75 %) and HPV-negative (78.94 %) groups. Patients were younger in the HPV-positive group with an average of 55.13 years compared to an average of 56.26 years for the HPV-negative group. Alcohol consumption was reported in 22 HPV-positive patients and (100 %) in the HPV-negative cases. Concerning tobacco smoking, 26 cases of tobacco use was reported for HPV-positive and (100 %) for HPV-negative cases. Comprehensive analysis with all the leukocytes subsets showed no-significant effects of smoking or alcohol consumption and leukocyte infiltration (data not shown). 
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Figure 3.3. Images showing representative examples of IHC staining of TMA sections examined in this study. TMA glass slides for both HPV-positive and HPV-negative OPC were scanned by ‘Aperioscan’ scanner and the digital images analysed by QuPath as previously described. (A) MPO+ neutrophils (B) CD68+ macrophages (C) CD3+ T lymphocytes. Brown dots show positively stained cells within the cores. Top row is HPV-positive (HPV+ve) OPC, middle row is HPV-negative (HPV-ve) OPC, bottom row is control (Ctrl) normal tonsil mucosa. Scale bar=250µm for whole cores (left) and 50 µm for magnified cores (right).


3.4.3. [bookmark: _Toc521061315]Tumour-associated neutrophil (TAN) infiltration
The levels of MPO+ (TAN) were analysed in the whole 1 mm2 core including the tumour and the surrounding stroma. Usually each OPC case was represented by more than one core; in these instances, the mean of MPO+ percent value was calculated per case. The total number of cases examined was 59 of which 40 (67.8 %) were HPV-positive OPC and 19 (32.2 %) were HPV-negative OPC. The mean ± SEM percent of MPO+ staining for all HPV-positive OPC cases was 5.12 ± 0.77 % while for HPV-negative the mean of MPO+ percent staining was 9.79 ± 1.55 %. This constitutes a significant increase (p=0.003) in the level of neutrophils in the tumours of HPV-negative compared to HPV-positive OPC (figure 3.4 A). High neutrophil expression was detected in 30 cases, in which 20 (50 %) were HPV-positive and 10 (52.63 %) HPV-negative. The mean for HPV-positive was 8.3 ± 1.2 % and 14.8 ± 1.6 % for HPV-negative; once again a statistically significant increase in HPV-negative compared to HPV-positive OPC (p=0.0016; figure 3.4 B). Similarly, the mean of OPC tumours with low neutrophil levels were HPV-positive 1.96 ± 0.18 % (n=20 (50 %) cases) compared to HPV-negative values of 4.21 ± 0.85 % (n=9 (47.36 %) cases) (p=0.0083; figure 3.4 C). Taken together, these data suggest that there are significantly more TAN in HPV-negative OPC than HPV-positive OPC. 

The stage of OPC disease was subdivided into the four well recognised groups (I, II, III and IV) as shown in figure 3.4 D-G. When analysed statistically the data showed no significant different in the levels of TAN in HPV-positive compared to HPV-negative OPC at any disease stage examined (p=0.088, 0.54, 0.32 and 0.147 for stages I-V respectively). 
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Figure 3.4. Box plots showing the infiltration of MPO+ (TAN) in HPV-positive and HPV-negative OPC TMA sections. The data shows the percentage of mean positive expression of MPO+ in HPV-positive and HPV-negative and were divided according to high and low expression according to the median value of the total means. (A) Total expression (B) High expression (C) Low expression. (D-G) Infiltration of MPO+ (TAN) according to disease stage. Statistical analysis was performed using a Mann-Whitney U non-parametric test. Data are presented in mean with SD . **p<0.01.

3.4.4. [bookmark: _Toc521061316]Tumour-associated macrophage (TAM) infiltration
Similar to TAN, the levels of CD68+ (TAM) was analysed in TMA cores including the tumour and the surrounding stroma. For TAM the total number of cases analysed was 57 of which 39 (67.8 %) were HPV-positive OPC and 18 (32.2 %) were HPV-negative. There was no significant difference in the level of TAM in HPV-positive OPC cores (7.07 ± 0.99 %) compared to HPV-negative OPC (6.0 ± 1.47 %; p=0.27) (figure 3.5 A). In cases with high levels of TAM, once again there was no significant difference (p=0.35) between HPV-positive OPC (11.34 ± 1.32 %; n=20 (51.28 %)) compared to HPV-negative OPC (9.7 ± 1.99 %; n=10 (55.55 %)) (figure 3.5 B). Interestingly, in OPC cases where mean TAM levels were low there was a significant (p=0.04) increase in TMA levels between HPV-positive (2.59 ± 0.35 %; n=19 (48.71 %)) compared to HPV-negative OPC (1.39 ± 0.16 %; n=8 (44.44 %)) (figure 3.5 C). 
Similar to TAN, the stage of the disease regarding TAM infiltration showed no statistically significant differences (p=0.17, 0.57, 0.91, and 0.85 for stages I-V respectively) between HPV-positive and HPV-negative status (figure 3.5 D-G). Taken together, these data suggest that there is little difference in the infiltration of TAM into OPC regarding HPV-status, although there is more TAM in HPV-positive OPC when at low expression levels.  
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Figure 3.5. Box plots showing the infiltration of CD68+ (TAM) in HPV-positive and HPV-negative OPC TMA sections. The data show the percentage of mean positive expression of CD68+ in HPV-positive and HPV-negative and were divided according to high and low expression according to the median value of the total means. (A) Total expression (B) High expression (C) Low expression. (D-G) Infiltration of CD68+ according to disease stage. A statistical analysis was performed using a Mann-Whitney U non-parametric test. Data are presented in mean with SD. *p<0.05.
3.4.5. [bookmark: _Toc521061317]Tumour-infiltrating lymphocytes (TIL) infiltration
The levels of CD3+ (TIL) (i.e. total T-lymphocytes) were analysed in OPC TMA cores including the tumour and the surrounding stroma as shown in figure 3.6. For TIL, the total number of cases analysed was 55 of which 38 (69.1 %) were HPV-positive OPC and 17 (30.9 %) were HPV-negative. Mean levels of total TIL in HPV-positive OPC was (5.6 ± 0.87 %) which was not significantly different (p=0.33) to the levels of infiltrating HPV-negative tumours (4.3 ± 1.05 %). In high levels TIL cases, the mean score of HPV-positive and HPV-negative OPC were also not significantly different (HPV-positive 8.97 ± 1.22 %; n=20 (52.63 %); HPV-negative 7.6 ± 1.12 %; n=9 (52.9 %); p=0.84). Similar to TAM, low levels of TIL showed a statistically significant difference (p=0.03) in their levels between HPV-positive OPC (1.85 ± 0.32 %; n=18 (47.36 %)) compared to HPV-negative OPC (0.53 ± 0.06 %; n=8 (47.05 %)), suggesting the presence of more TIL in HPV-positive tumours but only when overall levels are low.

Finally, the when broken down into tumour stages there was no significant difference between HPV-positive and HPV-negative OPC at any tumour stage examined (p=0.22, 0.99, 0.24 and 0.76 for stages I-V respectively).

In summary, although only a relatively small cohort, this study observed significant differences in the levels of TAN with increased levels HPV-positive compared to HPV-negative OPC. There were no significant differences in infiltration of total TAM or TIL related to HPV-status. When at low levels, significant differences in the infiltration of TAM and TIL (more in HPV-positive compared to HPV-negative) were observed. There was no difference in infiltration levels of any of the leukocytes tested with regard to tumour stage.  
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Figure 3.6. Box plots showing the infiltration of CD3+ (TIL) in HPV-positive and HPV-negative OPC TMA sections. The data show the percentage of mean positive expression of CD3+ in HPV-positive and HPV-negative and were divided according to high and low expression according to the median value of the total means. (A) Total expression (B) High expression (C) Low expression. (D-G) Infiltration of CD3+ according to disease stage. A statistical analysis was performed using a Mann-Whitney U non-parametric test. Data are presented in mean with SD. *p<0.05.

However, taking in consideration the small cohort number and the limited death related to the disease (cancer), other stratifications (i.e. according to Kaplan-Meier method) such as MPO+, CD68+ and CD3+ in relation to HPV-status were not involved since it will not depict the real prognostication (false negative). Particularly, the only HPV-positive OPC patient who died (case no. 49) was not included in CD3+ analysis because of the missing or folded tissues. However, an attempt was made to assess overall survival stratified according to the HPV-status, while according to leukocyte infiltration, the small cohort number and the very limited fatality related to OPC in this cohort made the analysis impossible. 



3.5. [bookmark: _Toc521061318]Discussion
There are mainly two causative factor groups for OPC; one group is represented by alcohol/tobacco intake leading to genetic mutations and second group is represented by infection with high-risk HPV. It is well known that HPV-related OPC presents with a different molecular-profile of carcinogenesis than alcohol/tobacco-related disease (Dok and Nuyts, 2016, Ndiaye et al., 2014). Even though HPV-related OPCs are often diagnosed later and with frequent lymph nodes metastasis, their outcomes are significantly better. Indeed, significantly (p=0.04) improved overall outcome for HPV-positive OPC compared to HPV-negative disease was shown in the cohort examined in this study. Our data is in line with several previously reported studies showing the same trend for OPC. For example, the three-year survival rate for HPV-positive OPC was 82 % compared to 56 % for HPV-negative disease (p=0.001) (Ward et al., 2014, Partlová et al., 2015, O’Sullivan et al., 2012). This suggests that the cohort used in our study is similar to others and therefore is representative HPV-positive and HPV-negative OPC disease. 

Recently, focus has increased on the distribution of leukocyte populations within tumours including subset compositions of these immune cells and if these are predictive of prognosis (Pages et al., 2010). The concept of immune cells influencing cancer progression is not new but addition of this to Hanahan and Weinberg’s hallmark of cancer concept and increasing use of the term ‘cancer-related inflammation’ has heightened interest (Hanahan and Weinberg, 2011). Currently, there is much information to suggest that tumour-infiltrating leukocytes in the tumour microenvironments (TME) can shape tumour progression in various cancer types (Gooden et al., 2011). Indeed, there is good evidence to show that both TAN and TAM correlate with poor prognosis in HPV-negative oral cancer (Li et al., 2002, Perisanidis et al., 2013), whereas increased numbers of TIL, specifically CD3+ TIL have been shown to correlate with improved survival (Balermpas et al., 2014a). This data provided motivation to examine levels of infiltrating leukocytes in HPV-positive and HPV-negative OPC, tumours that have very different aetiology and outcome. At the time this study was started there were no investigations into infiltrating leukocytes and their relationship with HPV-OPC status.  

MPO antibody staining was chosen as a neutrophil-specific marker because it is constitutively expressed solely by polymorphonuclear neutrophils and is secreted during cytoplasmic degranulation (Amanzada et al., 2011). MPO has been used as a neutrophil specific marker in several other studies (Eruslanov et al., 2014). Moreover, clinically, MPO rather than CD66b (another commonly used neutrophil marker) is more commonly used to identify neutrophils in sections of diseased tissue. The antibodies for MPO appear to be more robust and reliable than CD66b for automated staining and so are used in clinical diagnostics. Importantly, this study showed significantly higher levels of MPO+ (TAN) in HPV-negative OPC than in HPV-positive OPC. This was also true when the TAN analysis was subdivided into high and low expression. 

There are several in vitro and in vivo reports demonstrating the presence of high numbers of TAN in cancers and that these are associated with unfavourable prognosis. This has been documented in bronchoalveolar cancer, (Wislez et al., 2003) renal carcinoma, (Jensen et al., 2009) melanoma, (Schmidt et al., 2005) and HPV-negative HNC (oral cancer) (Trellakis et al., 2011a). The presence of high numbers of TAN has correlated with recurrence as well as metastasis. It is thought that molecules secreted by tumour cells or the TME recruit neutrophils, for example CXCL8 can recruit and activate neutrophils to the TME in lung carcinoma and other tumours. CXCL8 was found in high concentrations in cancer patients, and targeting the CXCR/CXCL8 receptor axis resulted in less disease burden in mice (De Larco et al., 2004, Haqqani et al., 2000, Allen et al., 2007, Tazzyman et al., 2011). Precisely what factors recruit neutrophils to OPC has yet to be determined but contributions from CXCL chemokines is likely. 

Recently, evidence suggests that neutrophils possess relevant functions that aid malignancies (Uribe-Querol and Rosales, 2015, Mantovani et al., 2008). Within tumours, TAN have been found to secrete such factors as matrix metalloproteinase 9 (MMP9) and vascular endothelial growth factor (VEGF) that remodel the extracellular matrix promoting tumour angiogenesis. Other factors such as transforming growth factor beta (TGF-β) and IL-10 released by TAN increase cell proliferation, and instigate immune suppression (Dumitru et al., 2012, Brandau et al., 2013). In contrast, neutrophils have been described as ‘two sides of the same coin’ as they also have potent anti-cancer abilities via the secretion of granules that can destroy tumour cells and recruitment of other immune effector cells (Gregory and Houghton, 2011, Mantovani et al., 2011). 

Most evidence point to TAN acting in a pro-tumour fashion. The increased levels of TAN in HPV-negative OPC might be one reason why HPV-negative OPCs have an unfavourable outcome compared to HPV-positive OPC that contain significantly less TAN. Unfortunately, the cohort size in this study was too small to test this hypothesis. 

There is evidence that TAN can be further sub-divided into two distinct polarised states depending on their activation status (Scapini et al., 2000, Fridlender et al., 2009b, Mantovani, 2009). These have been described in murine studies as N1 and N2 phenotypes, with TGF-β being suggested as the major driver of the N2 pro-tumour phenotype of neutrophils (Fridlender et al., 2009b). It is known that oral cancers contain elevated levels of TGF-β (Marsh et al., 2011) and this factor is also thought to drive the formation of cancer-associated fibroblasts in oral cancer (Marsh et al., 2011). Therefore, it is possible that TAN within HPV-negative OPC may be of the N2 phenotype. It would be interesting to stain for N2 phenotype markers to examine if more TAN are N2 in HPV-negative OPC compared to HPV-positive OPC. Although, interestingly there are problems associated with this analysis as human markers for N2 TAN are not yet clearly defined. 

Next, levels of TAM were investigated. TAMs have received considerable attention in cancer biology and are seen as an attractive target in therapeutic modalities. A number of pre-clinical and clinical studies have reported the negative effects of TAM infiltration into the TME and many studies have shown the potential effects of blocking macrophage recruitment to the TME (Noy and Pollard, 2014, Steidl et al., 2010, De Palma and Lewis, 2013, Hughes et al., 2015). This rationale promoted the analysis of TAM levels in HPV-positive and HPV-negative OPC. CD68 was chosen as a specific macrophages marker as it is frequently employed to specifically identify macrophages in healthy and pathological tissues (Gollapudi et al., 2013, Pulford et al., 1990).

A recent study by Seminerio et al. (2018) stated that tissue with transcriptionaly active HPV-infection (i.e. during HPV-disease progression) were associated with high CD68+ macrophages. Given this analysis it was envisaged that HPV-positive OPC might show increased recruitment of TAM. However, this study showed that there was no significant difference in the level of TAM in HPV-positive compared to HPV-negative OPC. The densities of CD68+ (TAM) were almost equal in both HPV-positive and HPV-negative tumours. However, only in low expression phase there was a significant increase in TAM. Increased levels of TAM have been previously observed in HPV-negative OSCC where they were associated with poor prognosis (Fujii et al., 2012). However, other studies reported non-significant differences in the proportions of  TAM densities in HPV-positive compared to HPV-negative OPC (Oguejiofor et al., 2017, Russell et al., 2013) validating the findings of this study.

The TAMs are unlike tissue-resident phagocytic macrophages that are derived from the yolk sac. TAM are recruited to tumour sites as circulatory monocytes that rapidly differentiate to macrophages one in the tissue. Like TAN, TAMs have two phenotypes, the anti-tumour or inflammatory M1 macrophage or the pro-tumour M2 macrophage. M2 macrophages suppress the immune responses, promote tumour cells invasion and blood vessels intravasation and enhance angiogenesis (Coussens et al., 2013, Qian and Pollard, 2010). It is possible that the TAMs recruited to OPC are different in phenotype due to the viral load. However, this study did not differentiate between the M1 or M2 macrophage phenotypes because of the limited source of tissues sections. 

The findings of this study showing that low TAM numbers are more frequent in HPV-positive OPC could indicate that these TAM are of an M1 phenotype that is associated with favourable prognosis as an anti-tumour function (van Esch et al., 2015). This speculation is supported by a recent observation that found a higher M1/M2 ratio in HPV-positive OPC (Chen et al., 2018). In addition, in a more comprehensive study, high cytotoxic T cell and increased of PD-L1 expression was observed in patients with higher densities of TAM (Abiko et al., 2015, Oguejiofor et al., 2017).

The area in which TAM reside within tumours may also be important. In other tumours, TAM have been shown to reside mainly in hypoxic or necrotic areas (Murdoch et al., 2004), whereas more recent studies have shown macrophages in peri-vascular areas that could direct the cancer cells toward the blood stream (Arwert et al., 2018). Lyford-Pike et al. (2013) observed that infiltrated CD68+ (TAM) in HPV-positive HNC originating in the tonsils, were mainly distributed in peri-tumoral areas rather than within tumour islands. However, their cohort was very small and included only tonsil cancers. Lewis and Pollard (2006) stated that TAM are prominently available in the stroma, virtually in all types of cancers. The analysis performed in this study did not examine the location of TAM in the TMA cores and so further analysis using the QuPath software may tease out if the spatial distribution of these cells within OPC is important. 

Conversely, some studies have reported the association of high numbers of TAM with better prognosis in melanoma, (Piras et al., 2005), colorectal cancer, (Funada et al., 2003), and stomach cancer (Ohno et al., 2003). These pre-therapeutic findings could be explained by the findings of (Russell and Brown, 2013) who outlined that post-radiotherapy the tumours attracted myeloid cells that differentiated into TAM, a phenomena that also occurred post-chemotherapy (Shree et al., 2011). This post-therapeutic macrophage influx could hold some prognostic roles particularly after the vascular changes occurring due to chemo/radiotherapy.

TIL, particularly CD8+ cytotoxic T cell (CTC) cells represent the main host immune response against cancers, acting as adaptive immune function mediators. These cells can directly kill tumour cells by stimulating apoptosis by Fas ligand. Whereas, some T cells subsets such as Treg cells have immunosuppressive functions (Pretscher et al., 2009b, Nguyen et al., 2016). Substantial in vivo evidence supports that infiltrations of CD8+ were correlated with favourable outcome in oesophageal carcinoma and epithelial ovarian cancer (Cho et al., 2003, Sato et al., 2005). However, there are some controversies with anal carcinoma and Hodgkin lymphoma were in these were found to have unfavourable prognosis (Grabenbauer et al., 2006, Álvaro et al., 2005). The discovery of Treg cells have complicated the issue since increased tumour levels of these cells are reported to have negative effects in oesophageal, hepatocellular and ovarian carcinomas (Curiel et al., 2004, Kobayashi et al., 2007, Kono et al., 2006). 

Due to time and tissue constraints this study did not perform a series of IHC on all the different T cell subtypes but instead used the T cell marker CD3 that is commonly used to identify the whole T cells lineages (Gooden et al., 2011) to assess the accumulation of all T cells within the OPC TME. CD3 antibody staining was selected as a pan T cell marker because it’s in conjunction with T cell receptor (TCR) and makes the TCR complex (Delves and Roitt, 1998). CD3 has been used as T cell specific marker in several other studies (He et al., 2006). 

The findings of this study revealed no significant increase in the levels of CD3+ (T cells) in HPV-positive compared to HPV-negative OPC. A notable exception was that in cases with overall low expression, T cell density was significantly higher than in HPV-negative OPC. CD3+ has linked with a favourable ending in different tumour types including colorectal, breast, ovarian, oesophageal and anal cancers, hence our findings came in consistent with previous observations (Ward et al., 2014, Russell et al., 2013, Balermpas et al., 2014a, Dahlin et al., 2011). 

The sole use of CD3+ as pan lymphocytes highlights a significant limitation of this study as this marker does not differentiate other T cell populations and so any differences in these will be masked in this study; however T cells subpopulations are not without controversies. For example Oguejiofor et al. (2017) reported from 124 patients that there were significantly higher CD8+ infiltrations associated with HPV-positive than HPV-negative OPC, in both the tumour and the stroma, which were linked with better clinical responses. The authors further suggested that the TIL could be different when derived from different parts of the oropharyngeal areas such as the tonsils, base of the tongue and the palates. Whilst, Ward et al. (2014) found that no significant differences between HPV-positive versus HPV-negative OPC regarding CD8+ infiltrations. Moreover, (Näsman et al., 2012) stated that CD8+ cells were linked with beneficial clinical outcome regardless of the HPV-status in tonsillar cancers.      

The Treg cells are not away from the T cell subsets debate, as Treg cells have been associated with poorer prognosis and demonstrated immune suppressive characteristics. Lechner et al. (2017) found comparable distributions in the composition of tumour-infiltrating Treg in the TME of HPV-positive versus HPV-negative HNC. Unexpectedly, in one findings (Badoual et al., 2006)  reported that Treg cells are associated with favourable prognosis in HNC, and high Treg cells infiltration is reported in HNC (Andersen et al., 2014). Heusinkveld et al. (2012) observed that the infiltrated Treg cells densities were not dependent on HPV-status in HNSCC. However, (Näsman et al., 2012) found Treg cells were significantly higher in HPV-positive tonsillar carcinoma with elevated CD8+/ Treg ratio. Similarly (Watanabe et al., 2010b) demonstrated higher CD8+/Treg cells infiltrations in oral cancer; however, this cohort did not analyse the HPV-status. 

A study by Kong et al. (2009) analysed TIL in several HNCs regions including OPC. Their findings showed that significant differences between HPV-positive and HPV-negative cancer intratumoral densities of CD3+ T cells, and were only prognostic with HPV-negative cancer. In contrast (Balermpas et al., 2014a), found higher levels of CD3+ (TIL) associated with improved outcome in HNC cases, although, their cohort was composed mainly from elderly patients and contained a low proportion of HPV-positive cases. Furthermore, they reported a significantly lower CD8+ T cell infiltration in peri-tumoral areas in metastasized HNC, in involved lymph nodes compared with non-involved nodes. Decreased levels of CD8+ cytotoxic lymphocytes were also observed with the initial progression of neoplastic lesions (Kohrt et al., 2005, Cochran et al., 1987, Shinkai et al., 1996). These findings suggested that further investigations to determine the favourable effectors and the immunosuppressive TIL in HNC in relation to the HPV-status. 

There are several limitations to this IHC study that are of note. The sample size was relatively small because OPC is not a commonly occurring cancer. Even though Sheffield Teaching Hospital is a regional centre for head and neck cancer diagnostics and treatment the number of OPC tumours available with full clinical follow-up data is still limited. Obtaining wax-embedded tumours from other UK sites would increase numbers and further power the study if time were available. The cohort size means that conclusions drawn may be treated with caution. However, some of the data produced was comparable to several other studies indicating that the small sample size may not be that significant.  

The HPV-positive cases with concomitant smoking and viral protein expression are likely to affect immune responses and this needs to be addressed in future analysis. With this sample size it would be difficult to further stratify the cohort into HPV-positive/HPV-negative smokers versus non-smokers although this would be interesting. A likewise argument could also be put forward for alcohol consumption or other risk factors. Another potential drawback is using TMA compared to full tissues sections because the core sections might not be representative of the entire tumour. However, cores were chosen by an experienced pathologist with much experience in generating TMAs so this is unlikely. Some inconsistencies can arise in the IHC staining process although this is why the sections were stained using an automated process. The retrospective analysis is another intrinsic limitation because of the heterogeneity in the tumour stages and the treatment modalities that could affect overall survival.

In summary, data in this chapter show that HPV-positive OPC has better prognosis than HPV-negative OPC, data that confirms other previous findings. For the leukocyte analysis it shows, for the first time, that TAN are more prevalent in HPV-negative than HPV-positive OPC. Levels of TAM were not different with respect to HPV-status, findings that have been shown previously. Similarly the levels of CD3+ T cells were not different in HPV-positive and HPV-negative OPC. Others have also observed this but previous investigations have broken this into subsets with mixed results but generally indicating the elevated presence of CD8+ T cells in HPV-positive compared to HPV-negative OPC. 

The IHC used here provides no molecular mechanism or if different pathways by these aetiology different forms of OPC are used to differentially recruit leukocytes. Certainly the leukocyte subsets analysed in this study are known to be recruited by very different chemokine/cytokines. The next chapter will use in vitro techniques to explore and compare HPV-positive and HPV-negative cell lines and their interaction with cells within the TME stroma to elucidate the likely leukocyte chemoattractants that recruit leukocytes, in particular neutrophils, monocytes and lymphocytes to HPV-positive and HPV-negative tumours. 
















[bookmark: _Toc521061319]Chapter four: Differential chemokine expression in a 2D-model of the HPV-positive and HPV-negative oropharyngeal carcinoma tumour microenvironment.
4.1. [bookmark: _Toc521061320] Introduction
Head and neck cancers (HNC) develop in the squamous epithelial cells of the upper aerodigestive tract. The most serious risk factors are use of tobacco and alcohol consumption, however, an increasing number of cancers arising in the oropharynx are also attributed to infection with high-risk HPV (Leemans et al., 2018, Trellakis et al., 2011a). The tumour microenvironment consists of a complicated molecular dynamic interaction among cancer cells, fibroblasts, the neighbouring stroma, vasculature and migrating immune cell populations (Hunter et al., 2011). Much data exists on the tumour microenvironment of oral squamous cell carcinoma, however little has been described on the role that HPV-status plays in the OPC microenvironment.
One of the critical interactions in the OPC tumour microenvironment is that between  cancer cells and neighbouring stromal cells such as tonsillar fibroblasts (Allure, 2003, Kalluri and Zeisberg, 2006a). During tumour-progression evidence suggests that some tonsillar fibroblasts will turn into cancer-associated fibroblasts that have the capacity to drive tumour progression (Li et al., 2014, Underwood et al., 2015). Tumour cells and fibroblasts continuously interact in a paracrine fashion secreting factors that can drive tumour cell proliferation or remodel the extracellular matrix and are considered by some as ‘partners in crime’. During inflammation activated epithelial cells and fibroblasts can up-regulate and express various types of bioactive molecules including leukocyte chemoattractants (Kumar et al., 2017, Kuzet and Gaggioli, 2016). 
The tumour microenvironment has been described as a ‘wound that never heals’ because of its predominantly pro-inflammatory composition and has also been shown to express elevated levels of pro-inflammatory factors, including chemokines. Moreover, many tumours, including OPC, as described in the previous chapter, contain large numbers of infiltrating leukocytes. These leukocytes have a distinct role in cancer progression and final therapeutic outcome (Nagarsheth et al., 2017) and are likely to be recruited by chemokines into the tumour microenvironment, although the impact of HPV-status on leukocytes recruitment in OPC is unknown. 
Exploring the tumour microenvironment in HPV-positive/HPV-negative cancers may not only provide an insight into why presence of HPV offers a favourable outcome but might also present a potential target for the management of HPV-negative cancers (Bolt et al., 2017b).
The previous chapter showed that there was a difference in the numbers and types of leukocytes recruited to HPV-positive and HPV-negative OPC. It is therefore plausible that the chemotactic cues from within the tumour microenvironment in HPV-positive OPCs are different from those in HPV-negative OPCs and this might account for differences observed in tumour-associated leukocyte sub-populations in the previous chapter. However, to date there are little data on how tumour cells in regard to HPV-status may impact on chemokine expression in OPC. Therefore, this chapter evaluated the expression of chemokines within a 2D in vitro model of HPV-positive/HPV-negative tumour/stromal cell interactions to determine if HPV-status has an influence on the molecular drivers of leukocyte recruitment in OPC.
Hypothesis
There is a difference in the chemokine expression profile between HPV-positive and HPV-negative OPC tonsillar fibroblast interaction that may explain the leukocyte populations recruited to OPC in vivo. 
4.2. [bookmark: _Toc521061321]Aims

1- Use in vitro 2D monoculture investigations to examine the differences in leukocytes chemoattractant capacities and gene expression of HPV-positive/HPV-negative OPC cell lines Assess normal tonsillar fibroblasts (NTFs) gene and protein expression in response to stimulation with the conditioned medium derived from HPV-positive/-negative OPC cell lines. 

2- Using protein and molecular analysis to determine the mechanisms through which leukocytes are recruited to tumour microenvironment, and whether HPV-status influences such mechanisms. 



4.3. [bookmark: _Toc521061322]Methods
To model cancer and stromal cells cross talk in the tumour microenvironment, a conceptual 2D tissue culture model was used as described in section 2.2.2. The cancer cell line culture involved the representative HPV-positive OPC cell lines UD-SCC2 and UPCI-SCC90 and the HPV-negative OPC cell lines UPCI-SCC72 and UPCI-SCC89. Hypopharyngeal carcinoma cell lines were used including UPCI-SCC152 (HPV-positive) and FaDu (HPV-negative). In addition, normal tonsillar fibroblasts (NTF) isolated from informed consented individuals (NTF06, NTF01, NTF319, and NTF322) were used (section 2.2.1.2.). Cells were cultured and their numbers optimized for conditioned medium collection as described in section 2.2.2. Cytokine/chemokine arrays (2.2.4.1.), ELISA (2.2.4.2.) and qPCR (2.2.3.3.) were used to screen the conditioned medium and RNA isolated from both OPC cells and stimulated-fibroblasts (NTF) by cancer cell conditioned media.














4.4. [bookmark: _Toc521061323]Results
4.4.1. [bookmark: _Toc521061324]Differential chemokines-/cytokines-expressions of stimulated-fibroblasts by HPV-positive/-negative OPC cell lines conditioned media.
A recent study by Bolt et al showed that conditioned medium from HPV-negative OPC cell lines increased the secretion of a number of proteins such as IL-6 and HGF by fibroblasts compared to conditioned medium from HPV-positive OPC cells. It was reasoned that this might also be true for chemokines, and may be one explanation as to why leukocyte populations are differentially recruited to HPV-positive and HPV-negative tumours as seen in chapter 3. Therefore, a human cytokine protein array was initially used to profile the cytokines released by tonsillar fibroblasts (NTF06) when stimulated with the conditioned medium derived from four OPC cell lines (2 HPV-positive and 2 HPV-negative) for 24 hours. A cytokine array was used because this technique offers a quick way to detect the differences in a number and levels of cytokines (36 in total) in the conditioned medium in one assay, therefore avoiding the use of performing multiple immunoassays. 
NTF06 was stimulated with the conditioned medium from two HPV-positive OPC cell lines (UD SCC2 and UPCI SCC90) or two HPV-negative OPC cell lines (UPCI SCC72 and UPCI SCC89). In general, HPV-negative OPC cell lines stimulated NTF06 to secrete more cytokines and at elevated levels than HPV-positive OPC cell lines (figure 4.1 A-C). 
Semi-quantitative densitometric analysis of array immunoblots (figure 4.1 C) revealed that conditioned medium from HPV-negative OPC cell lines alone caused NTF06 to secrete complement factor C5a, granulocyte-macrophage colony stimulating factor (GM-CSF), cleaved intercellular adhesion molecule-1 (ICAM-1), CXCL8, CCL5 and IL-1R antagonist (IL-1Ra). NTF06 secreted more CXCL1 and CCL2 when stimulated with conditioned medium form HPV-negative compared to HPV-positive OPC (although CCL2 section in response to SCC90 was high), whereas secretion of IL-6, macrophage-inhibitor factor (MIF) and SerpinE1 (also known as plasminogen activator inhibitor) was largely similar by HVP-negative and HPV-positive OPC stimulated NTF06 (figure 4.1 C). All other cytokines tested showed no secretion as determined by array analysis by NTF06 stimulated with the conditioned medium from any OPC cell line tested. 
[image: ]
Figure 4.1. Human cytokines arrays of the conditioned medium from NTF06 cultured with the medium from HPV-positive or HPV-negative OPC cell lines. NTF06 cultured with conditioned media from HPV-positive/-negative OPC, for 24 hours showing the difference in the levels of cytokines secreted from stimulated NTF (A) Cytokine arrays were probed with conditioned medium generated from NTF06 incubated with SCC2 or SCC90 (HPV-positive) and SCC72 or SCC89 (HPV-negative). (B) Table showing the arrangement of cytokine antibodies spotted on the nitrocellulose membrane. (C) Bar chart showing the densitometry analysis where immunoblots were scanned and the density of the spots normalised to the intensity of the positive control spots after subtraction of negative control background to allow for comparisons. Abbreviations POS=Positive control, NEG=Negative control (White background).


Although the cytokine arrays data from single biological repeat provides an idea about the levels of a spectrum of cytokines released by HPV-positive/HPV-negative cancer cell-stromal NTF interaction, it did not reveal a complete picture of the leukocyte chemoattractant capacity. For this reason, a more comprehensive analysis of chemokines released by this interaction was examined using a human chemokine array that profiled 38 chemokines (figure 4.2).
Chemokine protein arrays profiling showed that the conditioned media from the HPV-negative OPC cell lines SCC72 and SCC89 generally induced a robust and marked increase in overall chemokine secretion by stimulated NTF06 compared to SCC2 and SCC90 HPV-positive cell lines. Semi-quantitative densitometric analysis showed abundant secretion of a broad spectrum of CXC, CX3CL and CCL chemokines with elevated secretion for HPV-negative-stimulated NTF06 compared to HPV-positive-stimulated NTF06. For example, it was observed that HPV-negative stimulated-NFT06 expressed almost double the level of chemokines XCL1, CX3CL1, CXCL5, -7, -9, -10, -11, -12, -13, -16, CCL7, -13, -15, -16, -17, -18, -22, -23, -24, -25, -26, and -28 than their HPV-positive counterparts
Some chemokines appeared to be expressed at equal levels by all OPC cell lines (CXCL1, CCL2, and GRO), whilst others were either very lowly expressed or not observed at all on the immunoblots (CCL1, CCL15, CCL19, CCL20, and CCL28) suggesting that these chemokines are not secreted. Overall, particularly large increases for neutrophil-specific (CXCL1, -5, -6, -8), monocyte-specific (CCL2, -7, -8) and T-lymphocyte-specific (CCL3, -4, -5) chemokines were observed for NTF-stimulated with HPV-negative compared to HPV-positive conditioned medium. 
The chemokine array data from two biological repeats provides an interesting insight into chemokine burden induced by HPV-positive/HPV-negative OPC cells and with the possibility that this is mediated by interaction with stromal fibroblasts. However, there are inherent limitations with this data: it does not reveal the cell origin of chemokine production (OPC cell line alone, NTF alone or a combination of the two). In addition, some variations in the cytokine arrays and the chemokine arrays were noted, in particular for CXCL8 that was absent for HPV-positive OPC/NTF06 interactions in the cytokine array but expression was equal between HPV-positive and HPV-negative OPC/NTF06 interactions in the chemokine arrays (figure 4.1 and 4.2). A similar observation was seen for CCL2. This is likely because the arrays were purchased from different companies and use different antibodies with different affinities to capture CXCL8, giving different results. Moreover, the data is only semi-quantitative, based on relative densitometry, and so does not provide any quantitative levels of chemokines released.
Therefore the following sections will examine factors released by either OPC cells, NTF or a combination of both using more quantitative techniques (ELISA). In addition, quantitative polymerase chain reaction (qPCR), will be used to determine chemokine expression at the gene (mRNA) level or if chemokines are released without de novo mRNA synthesis. Several candidate chemokines for further analysis were chosen from the chemokine array data. These chemokines included: CXCL8, CXCL5, CXCL1 and MIF (mainly neutrophil attractants), CCL2 and CCL7 (mainly monocyte attractants), CCL5, CX3CL and CXCL12 (mainly T cell attractants) and CXCL16 (generally T cell and NK cells).
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Figure 4.2. Human chemokine arrays of the conditioned medium from NTF06 cultured with the medium from HPV-positive or HPV-negative OPC cell lines. (A) Chemokine arrays probed with conditioned media from NTF06 incubated with the conditioned medium from SCC2 and SCC90 (HPV-positive) or SCC72 and SCC89 (HPV-negative) for 24 hours. (B) Table showing the arrangement of chemokine antibodies spotted on the nitrocellulose membrane. (C) Bar chart showing the densitometry analysis where immunoblots were scanned and the density of the spots normalised to the intensity of the positive control spots after subtraction of negative control background to allow for comparisons. Abbreviations: POS=Positive control, NEG=Negative control (White background)....................................................................................................................................

4.4.2. [bookmark: _Toc521061325]Chemokine gene expression by HPV-positive/HPV-negative cell lines.
Chemokine gene expressions by HPV-positive and HPV-negative OPC cell lines were investigated to determine if levels of chemokines found in the conditioned medium was due to expression by cancer cells. In order to increase robustness of the data the cell line panel was increased to include SCC152 (HPV-positive) and FaDu (HPV-negative) cancer cell lines. For qPCR analysis the gene β2-microglobulin was used as an endogenous reference control and gene expression relative to β2-microglobulin calculated. 
Expression of genes encoding the neutrophil specific chemoattractant, CXCL8 was significantly increased (P<0.05) in HPV-negative as compared to HPV-positive OPC cell lines (figure 4.3 A). The gene encoding CXCL1 was expressed at low levels by all cells, however, it was statistically significant increase in FaDu when compared with the HPV-positive OPC cells (figure 4.3 B). Transcript levels of CXCL5 were also generally very low across all cell lines although significantly greater (p=0.0301) expression was observed for HPV-negative SCC72 compared to SCC2 HPV-positive cells (figure 4.3 C). 
Genes encoding the monocyte specific chemokines CCL2 and CCL7 showed similar low transcript values. HPV-negative SCC72 demonstrated significantly higher expression than SCC2, SCC90 and SCC152 HPV-negative cells (p=0.0130, 0.0038 and 0.0123 respectively). For CCL7 HPV-positive SCC152 showed significantly greater expression than HPV-negative SCC89 (p=0.0044) and FaDu (p=0.0039) cancer cells (figure 4.3 D-E).
Genes encoding the T cell chemokines CCL5 and CX3CL1 were also investigated. Once again overall transcript levels were low, however, the gene encoding CCL5 showed significant (p<0.0001) increased expression in HPV-positive SCC2 cells compared with HPV-negative SCC72 and SCC89 cells; whereas, HPV-negative SCC89 showed significantly (p=0.0281) higher expression than HPV-positive SCC90. In addition, FaDu expressed significantly more CCL5 than HPV-positive SCC90 and SCC152 (p<0.0001). CX3CL1 gene expression was significantly (p<0.0001) increased compared to HPV-positive SCC72 only (figure 4.3 F-G).
CXCL12 transcript levels were low but showed a significant increase with the HPV-positive SCC90 cells compared with HPV-negative SCC89 and FaDu (p=0.001 and 0.0014 respectively (figure 4.3 H). The gene encoding MIF, recently identified as neutrophil chemoattractant, was increased in HPV-positive OPC cells SCC90 and SCC152 compared to HPV-negative cells (p<0.0001), however HPV-negative SCC2 cells showed significantly reduced expression (p=0.0422) compared to SCC72 cells (figure 4.3 I). Finally, expression of CXCL16, a chemokine for T and NK cells displayed a significance increase in expression in HPV-positive SCC152 cells compared with HPV-negative SCC89 cells (p=0.004) and FaDu (p=0.0232) (figure 4.4 J). 
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Figure 4.3. Chemokine gene expressions by HPV-positive and HPV-negative OPC cell lines. Cancer cell lines were cultured with the serum-free medium for 24 hour, RNA isolated and gene expression analyzed by qPCR for (A) CXCL8, (B) CXCL1, (C) CXCL5,(D) CCL2, (E) CCL7, (F) CCL5, (G) CX3CL1, (H) CXCL12, (I) MIF and (J) CXCL16. Bar charts are presented as mean ± SD gene expression relative to B2M. Statistical analysis was achieved using a one-way independent ANOVA with Tukey’s post-hoc multiple comparison test. *p<0.05. (A)*δ, *ǁ, and *¶ compared with SCC2, SCC90 and SCC152. (B) *¶ compared with SCC2, SCC90 and SCC152. (C)*¶ compared with SCC2. (D) *¶ compared with SCC2, SCC90 and SCC152. (E) *¶ compared with SCC89, and FaDu. (F)*δ compared with SCC72, and SCC89; *ǁ compared with SCC90; and *¶ compared with SCC90 and SCC152. (G) *¶ compared with SCC2, SCC90 and SCC152. (H) *¶ compared with SCC89, and FaDu. (I) *δ, *ǁ compared with SCC72, SCC89 and FaDu; *¶ compared with SCC2. (J) *¶ compared with SCC89, and FaDu.

Quantitative PCR was next used to examine chemokine gene expression of NTF in response to culture with conditioned medium from HPV-positive or HPV-negative OPC cells. Gene expression in NTF06 cultured with serum-free medium alone was used as a comparative control. Expression of genes encoding the largely neutrophil specific chemoattractants CXCL8, CXCL1 and CXCL5 were dramatically increased in NTF06 by the HPV-negative cell lines as compared to HPV-positive OPC treated NTF06 or NTF06 cells cultured alone (figure 4.4 A-C). The gene encoding CXCL8 displayed a statistically significance increase with SCC89 (p<0.0001) and FaDu (p=0.0185) compared with NTF06 alone, while CXCL1 showed a significant increase (p=0.0242) with SCC89 compared to all other cells. 
Similar observations were found for genes encoding the monocyte-specific chemokines CCL2 and CCL7, although induction of CCL2 mRNA was less pronounced between NTF incubated with conditioned media from HPV-negative compared to HPV-positive cancer cells (figure 4.4 D-E). The gene encoding CCL2 showed statistically significant increase in expression in SCC89 (p=0.0011) and FaDu (p=0.0007), while CCL7 showed a significant increase (p=0.0008) with SCC89 as compared with NTF06 alone.  
The genes encoding the T cell chemokines CCL5 and CX3CL1 were also increased by HPV-negative conditioned medium but only for SCC89 and FaDu cells (figure 4.4 F-G). However, the gene encoding CCL5 showed a statistically significant increase with SCC89 (p=0.0001) as compared with NTF06 alone. In all cases tested, the level of gene expression was directly related to cell type in terms of the ability to induce chemokine production by  NTF06, with SCC89<FaDu<SCC72.
The genes encoding MIF, CXCL12 and CXCL16, showed similar gene expression for NTF stimulated by both HPV-positive and HPV-negative OPC cells (figure 4.4 H-J). 
Taken together, the qPCR data suggest that HPV-negative cancer cells secrete factor(s) that induce chemokine gene expressions by NTF06. In addition, these factor(s) are largely absent from HPV-positive conditioned medium. Moreover, the gene expression displayed by the stimulated-fibroblasts were noticeable higher than those displayed by cancer cells alone suggesting that the important interaction as far as gene expression is concerned is between factors released by the cancer cells that affect fibroblast gene chemokine gene expression. 
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[bookmark: OLE_LINK1]Figure 4.4. Chemokine gene expressions by stimulated-fibroblasts with the conditioned medium from HPV-positive or HPV-negative OPC cell lines. NTF06 were cultured with the conditioned medium from either HPV-positive cells (SCC2, SCC90, SCC152) or HPV-negative cells (SCC72, SCC89, FaDu) for 24 hours or NTF06 cultured alone (control) and gene expression analysed by qPCR for (A) CXCL8, (B) CXCL1, (C) CXCL5, (D) CCL2, (E) CCL7, (F) CCL5, (G) CX3CL1, (H) CXCL12, (I) MIF and (J) CXCL16. Data are presented as mean fold-change in gene expression ± SD compared to NTF06 alone (control) and statistical analysis was achieved using a one-way independent ANOVA with Tukey’s post-hoc multiple comparison test.*p<0.05. (A) *δ, and *¶ compared with NTF06 (non-stimulated fibroblasts), and to stimulated-fibroblasts (NTF06+SCC2), (NTF06+SCC90) and (NTF06+SCC152). (B) *¶ compared with NTF06 and to stimulated-fibroblast (NTF06+SCC2), and (NTF06+SCC2). (D) *δ, and *¶ compared with NTF06 and to stimulated-fibroblast (NTF06+SCC2), and (NTF06+SCC90). (E) *¶ compared with NTF06 and to stimulated-fibroblast (NTF06+SCC2), and (NTF06+SCC152). (F) *¶ compared with NTF06 and to stimulated-fibroblast (NTF06+SCC2), and (NTF06+SCC152). The others were non-significant neither with the NTF06 nor with the HPV-positive.


4.4.3. [bookmark: _Toc521061326]Chemokine protein production by stimulated-fibroblasts with the conditioned medium from HPV-positive or HPV-negative OPC.
ELISA was used to quantify the levels of chemokines secreted by cancer cells alone, NTF alone or NTF stimulated with the conditioned medium from either HPV-positive or HPV-negative OPC cells.  Three chemokines were chosen for this analysis based on their increased abundance in the chemokine array. These were CXCL8 as this is mainly a neutrophil specific chemokine, CCL2 as this is a monocyte specific chemokine and CCL5, a T cell specific chemokine; parameters that also relate to the TMA performed in chapter three.
Both HPV-negative and HPV-positive cancer cell lines and NTF06 alone expressed extremely low levels of all chemokines tested (figure 4.5 A, B, and C). Upon stimulation with conditioned media from HPV-positive cancer cells (SCC2, SCC90, and SCC152) the amount of chemokine CXCL8 (figure 4.5 A) in the conditioned media was increased significantly (p<0.0001) with a mean ± SEM of 7965 ± 186.5, 5021 ± 927.4 and 6918 ± 291.2 pg/ml respectively, compared to NTF06 alone. In contrast, incubation of NTF06 with conditioned medium derived from HPV-negative (SCC72, SCC89 and FaDu) cancer cells significantly (p<0.0001) increased the amount of CXCL8 with a mean concentration of 9161 ± 327.8, 48176 ± 843.9 and 17453 ± 2817 pg/ml respectively, compared to NTF06. 
Upon stimulation with conditioned medium from HPV-positive cancer cells (SCC2, SCC90, and SCC152) the amount of CCL2 (figure 4.5 B) in the conditioned media was increased 2426 ± 34, 4321 ± 133 and 7126 ± 302.8 pg/ml respectively. However, this was only significant (p<0.0195) for SCC152 compared to NTF06 alone. In the other counter group, incubation of NTF06 with conditioned media derived from HPV-negative (SCC72, SCC89 and FaDu) cancer cells significantly (p<0.0001) increased the amount of CCL2 with an average of 25598 ± 1629, 28334 ± 1927 and 45664 ± 4018 pg/ml respectively, compared to NTF06. 
Stimulation of NTF with conditioned media from HPV-positive cancer cells (SCC2, SCC90, and SCC152) the amount of chemokine CCL5 (figure 4.5 C) in the conditioned media was non-significantly stimulated with an average of 3.562 ± 0.18, 28.4 ± 0.3 and 46.9 ± 0.97 pg/ml respectively, compared to NTF06 alone. In contrast, incubation of NTF06 with conditioned medium derived from HPV-negative (SCC72, SCC89 and FaDu) cancer cells significantly (p<0.0004 with FaDu) increased the amount of CCL5 with an average of 3470 ± 805.8, 4803 ± 818.5 and 2276 ± 117 pg/ml respectively, compared to NTF06. 
In summary, the qPCR and ELISA chemokine protein secretion data showed that the conditioned media from the HPV-negative cell lines SCC72, SCC89 and FaDu induced a robust and marked increase in CXCL8, CCL2 and CCL5 chemokine gene and protein secretion by NTF06. In contrast, generally, the conditioned medium from SCC2, SCC90 and SCC152 HPV-positive cell lines induced significantly less chemokine gene expression and secretion. Taken together, these data suggest that HPV-negative cancer cells secrete factor(s) that induce chemokine gene expression, and in turn protein expression by NTF06. Moreover, these factor(s) are largely absent from HPV-positive conditioned media.
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Figure 4.5. CXCL8, CCL2 and CCL5 Chemokine Expression by the HPV-positive/-negative OPC cell lines and by fibroblasts stimulated with the conditioned medium from HPV-positive or HPV-negative OPC cells. HPV-negative conditioned media stimulate markedly increased chemokine release from NTF06 than HPV-positive conditioned media. Chemokine levels were quantified by ELISA in the conditioned media of HPV-positive (SCC2, SCC90, SCC152) or HPV-negative (SCC72, SCC89, FaDu) tumour cells cultured alone for (A) CXCL8 (B) CCL2 (C) CCL5.  NTF06 were cultured with the conditioned media produced from either HPV-positive (SCC2, SCC90, SCC152) or HPV-negative (SCC72, SCC89, FaDu) tumour cells for 24 hours and compared to NTF06 cultured alone. Data are presented as mean in chemokine secretion levels ± SD compared to NTF06 alone (control), and statistical analysis was achieved using a one-way independent ANOVA with Tukey’s post-hoc multiple comparison test. *p<0.05. (A) *¶, *ǁ, *δ, *ƪ, *ł, and *Ł compared with NTF06, (non-stimulated fibroblasts), while *ł, and *Ł compared to stimulated-fibroblasts (NTF06+SCC2), (NTF06+SCC90) and (NTF06+SCC152). (B) *¶, *ǁ, *δ, and *ƪ, compared with NTF06, while *ǁ, *δ, and *ƪ, compared to stimulate-fibroblasts (NTF06+SCC2), (NTF06+SCC90) and (NTF06+SCC152). (C) *¶, *ǁ, and *δ compared with NTF06, with stimulated fibroblasts (NTF06+SCC2), (NTF06+SCC90) and (NTF06+SCC152). 

4.4.4. [bookmark: _Toc521061327]Chemokine secretion by tonsillar fibroblasts after subsequent removal of HPV-positive or HPV-negative condition media.
This experiment was performed to determine whether the effect from the HPV-positive/HPV-negative condition media was continuous or discontinued following removal of the cancer cell conditioned medium. Stimulated NTF were investigated with the chemokines CXCL8 (most highly expressed based on the qPCR and ELISA findings). Conditioned medium from the OPC cell lines SCC2 and SCC90 (HPV-positive) and SCC72 and SCC89 (HPV-negative) were used to stimulate NTF06 for 24 after which the medium was removed, NTF washed with PBS and then incubated with serum-free media for an additional 24 hours i.e. 48 hours in total. 
ELISA data revealed that after 24 hours in the presence of the conditioned medium NTF produced a marked CXCL8 response with significantly (p<0.0001) greater responses observed for the HPV-negative compared to and HPV-positive stimulated NTF as previously shown. Indeed, all but SCC2 cells produced a CXCL8 response by NTF. However, a further 24 hours in culture the CXCL8 response was reduced to baseline levels of the unstimulated NTF (figure 4.6), suggesting that the CXCL8 is not prolonged for more than 24 hours. 
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Figure 4.6. CXCL8 chemokine expression by NTF following stimulation with the conditioned medium from HPV-positive or HPV-negative OPC for 24 and 48 hours. CXCL8 release was quantified by ELISA in the conditioned media of stimulated-fibroblasts.  NTF06 were cultured with the conditioned medium produced from either HPV-positive (SCC2, SCC90) or HPV-negative (SCC72, SCC89) OPC cells for 24 hours and post-stimulation with serum-free (SF) media incubation for another 24 hours Data are presented as mean ± SD, and statistical analyses were achieved using a one-way independent ANOVA with Tukey’s post-hoc multiple comparison test.
4.4.5. [bookmark: _Toc521061328]Chemokine protein production by other batches of stimulated-fibroblasts with the conditioned medium from HPV-positive or HPV-negative OPC.
Although the data from chemokine arrays, qPCR and ELISA for the stimulated-fibroblasts gave an idea as to the overall chemokine burden induced by HPV-negative tumour cell/stromal interactions. The reported data was generated only from a single fibroblast (NTF06) culture. Therefore, to ensure that the observed chemokine response was a general phenomenon and not specific to NTF06, fibroblasts (NTFs) from different individuals (NTF01, NTF319, and NFT322; see section 2.2.1.2 for their demographic information) were used in repeat experiments alongside conditioned medium from SCC2 and SCC90 (HPV-positive) as well as SCC72 and SCC89 (HPV-negative) OPC cells.
In general, the response of NTF01, NTF319 and NTF322 to the conditioned medium from both HPV-negative and HPV-positive tumour cells was similar to that observed for NTF06 as seen in figure 4.7. All three NTF batches displayed low chemokine release when unstimulated. Culture with conditioned medium from HPV-positive OPC cells displayed low chemokine content that were largely similar to the levels of unstimulated NTF in all cases. In contrast, conditioned medium from HPV-negative OPC cells induced chemokine secretion with SCC89 being more potent than SCC72 in all cases. Indeed, SCC72 cells produced a low CXCL8 response from all three NTF that was similar to that observed for NTF06. NTF01 appeared to respond less well to SCC72 conditioned medium than did NTF319 and NTF322. Statistical analysis was not carried out on these data because of the limited number of biological repeats.
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Figure 4.7. CXCL8, CCL2 and CCL5 Chemokine Expression by other batches of NTF in response to the conditioned medium from HPV-positive and HPV-negative OPC cell lines. Chemokine secretion was quantified by ELISA in the conditioned media of NTF (NTF01, NTF319, and NTF322) for the chemokines (CXCL8, CCL2, CCL5).  NTF were cultured with the conditioned media produced from either HPV-positive (SCC2, SCC90) or HPV-negative (SCC72, SCC89) tumour cells for 24 hours and compared to NTFs cultured alone. (A-C) Chemokines were produced with conditioned media from NTF01 incubated with OPC conditioned media. (D-F) Chemokines were produced with conditioned media from NTF319 incubated with OPC conditioned media. (G-I) Chemokines were produced with conditioned media from NTF32 incubated with OPC conditioned media. 



4.5. [bookmark: _Toc521061329]Discussion
Despite the often late diagnosis of HPV-positive OPC and lymph node involvement, prognosis is significantly better than that of their HPV-negative counterparts (Fakhry et al., 2014). It had been proposed that this improved prognosis may be related to differences in the immune response of these tumours (Spanos et al., 2009). This, by extension, might be related to levels of tumour-infiltrating leukocytes, as some leukocyte populations such as CD8 T cells have been associated with good prognosis whilst TAM have been related to poor prognosis in some HNC. Data from chapter three showed that leukocyte populations were observed in the TME of both HPV-positive and HPV-negative tumours. Moreover, HPV-negative OPC contained significantly more neutrophils than HPV-positive tumours. The data collectively points to leukocytes recruitments. 
However, data relating to the nature of leukocyte-recruiting chemokines released from HPV-positive and HPV-negative OPC is lacking. Cells within a tumour do not act alone. The TME involves cellular dialogue in the guise of paracrine interactions between tumour cells and other stromal cells (Coussens and Werb, 2002, Kalluri, 2003) and these interactions appear to be crucial for many aspects of cancer progression (Kalluri and Zeisberg, 2006b). Therefore experiments in this chapter used a 2D in vitro model to examine the HPV-positive versus HPV-negative cancer cells/stromal (fibroblast) interactions, and how such interactions might influence micro-environmental chemokines release, which, by extension will recruit leukocytes. 
The cells used in this study were comprised from representative HPV-positive and HPV-negative cell lines (Kawakami et al., 2013, Rieckmann et al., 2013). The initial array data demonstrated that the conditioned media from OPC, when incubated with NTF06 contained increased amounts of chemokines that encompass most of chemokine family members. Moreover, HPV-negative OPC/NTF interactions appeared to contain more abundant chemokines overall than HPV-positive OPC/NTF interactions, suggesting that HPV-status may influence chemokine secretion. The array study was unable to dissect which cell type (tumour cell or fibroblast) was the main producer of the chemokines. 
Analysis of tumour cell chemokine expression at the gene level showed that OPC constitutively express a repertoire of chemokines but expression was generally at low transcript levels. A number of previous similar findings had reported that OPC cells express chemokines (Marcus et al., 2004, Partlová et al., 2015, St John et al., 2004). Gene expression of chemokines was slightly increased in HPV-negative to HPV-positive OPC for some chemokines but not others. To the best of our knowledge this is the first study to show differences in constitutive gene expression according to HPV-status in OPC. 
Chapter three examined the infiltration of neutrophils, monocytes and lymphocytes in OPC. The initial array data suggested that the key chemokines secreted by OPC/stromal interactions were those likely to recruit neutrophils (CXCL8, CXCL1, and CXCL5), monocytes (CCL2, and CCL7) and T cells (CCL5, CX3CL1 and CXCL12, CXCL16). Therefore, the majority of the experiments performed in this chapter examined the expression of these factors at the gene and protein levels. Other chemokines may be important in other aspects of leukocyte biology but were not examined in this study. 
CXCL1,-5 and -8 are all potent neutrophil chemoattractants that act by binding to CXCR1 and CXCR2, receptors expressed on the surface of neutrophils. Acosta and colleagues observed similar findings to the data presented in this study where HPV-negative OPC stimulated tonsillar fibroblasts. They found that stimulated human diploid fibroblasts to up-regulate CXCL8 and CXCL1 in addition to the pro-inflammatory cytokines IL-6 and IL-1β (Acosta et al., 2008). Our findings are also similar to other cancers types where fibroblasts co-cultured with lung cancer cell lines increased expression of CXCL1, -6 and -8 in addition to GM-CSF, CCL5 and VEGF (Rudisch et al., 2015). 

CXCL8 is a chemokine secreted by a range of cells, including fibroblasts, keratinocytes and other HNC cell lines (Dumitru et al., 2011, Mascia et al., 2003). CXCL1 is chemokine found to induce neutrophil and endothelial cell chemotaxis and stimulate angiogenesis in a similar manner to CXCL8. Our data showed higher secretion of CXCL1 in the HPV-negative stimulations of fibroblasts. Allen et al. (2007) found CXCL1 was elevated in the sera of OPCs patients'. CXCL1 is associated with poor prognosis and useful biomarkers for treatment response and survival in OPC. Our findings demonstrated higher CXCL5 in HPV-negative stimulation to fibroblasts. CXCL5 is responsible for neutrophil and endothelial attraction (Zhang et al., 2010). In a well-designed study performed by (Miyazaki et al., 2006) they found that up-regulated expressions of CXCL5 chemokines in HNC were associated with tumour metastasis and invasions. Whilst, targeting its pathway lead to better prognosis
CXCL1, -5 and -8 are mostly related to neutrophil attraction, and these chemokines were in great release in the HPV-negative stimulated-fibroblast. In fact, the implications of these data suggests that the HPV-negative attract more neutrophils to the tumour microenvironment in nature, which are in support of our in vivo findings in chapter three and associated with the unfavourable prognostications of HPV-negative as had been illustrated before. 
The CCL2 and CCL7 chemokines act as monocytes chemoattractants (Van Damme et al., 1992). The cytokine/chemokine arrays showed higher release of these factors from fibroblasts in response to exposure to HPV-negative cell line conditioned media from SCC72 and SCC89 than the HPV-positive SCC2. Although, the high experimental variability and kit sensitivities might account for the noticed elevated CCL2 expressions in SCC90 HPV-positive cell line in stimulated-fibroblasts. Conversely, the ELISA expression for CCL2 chemokine expressed lesser amount with the SCC90 than the HPV-negative in stimulated-fibroblasts (NTF06) and other fibroblasts batches as well.

There are clear links between the release of monocyte chemoattractants and unfavourable leukocytes populations within the tumour microenvironment. However, the clinical data on the roles of CCL2 and CCL7 chemokines in cancer prognosis are limited with variable suggestions between favourable and unfavourable effects. A study done by Chen et al. (2015) found that increased CCL2 expression was associated with increased tumour invasion and increased levels of pro-inflammatory IL-6, however this study was done in lung cancer cell lines. Concerning CCL7, (Jung et al., 2010), found that co-culture of cancer-associated fibroblasts with broad range of oral cancer cell lines showed that these carcinoma cell lines promoted CCL7 release in addition to other leukocytes-attractants by fibroblasts similar to the findings in this study. Jung et al further suggested that the profound chemokine release was linked with invasive and progressive carcinoma.

The monocyte recruiting chemokines and their role in OPC microenvironment requires a more detailed investigation, since the role of monocytes are different during cancer stages. Along with several cancers in other parts of the body reporting monocyte infiltration had better outcome such as melanoma, stomach and colorectal cancers (Lewis and Pollard, 2006). 
CCL5, CX3CL1 and CXCL12 chemokines are mostly known as T cell chemokines. CCL5 is mainly associated with the attraction of T cells and reported to be expressed with the monocyte attractant CCL2 in many cancer types (Soria et al., 2008, Ding et al., 2016, Murdoch et al., 2004). A study done by (Chang et al., 2012) stated that the CCL5/CCR5 axis facilitated the progression in colorectal cancer and apoptosis of effector T cells, whilst CCL5 knockdown abolished the tumour growth in nude mice and decrease the immune suppression. In our findings, CCL5 release was elevated in both HPV-negative cell lines SCC89 and SCC72 in stimulated-fibroblast condition media. As has been discussed for previous factors (chemokines), the significance of CCL5 in HPV-negative is undetermined without further investigations in other cell lines. However, regardless of this limited point, it could be suggested that both HPV-negative (SCC89 and SCC72) cell line conditioned media showed evidence of CCL5 stimulation in fibroblasts more than the HPV-positive.

These findings might imply HPV-negative tumours possibly would contain T cells subpopulations supportive of tumour progression. Further experimentations of our findings would be required to confirm the role of CCL5 in both in vitro and in vivo settings. The chemokines CCL5 underwent further investigation by ELISA for the HPV-positive/HPV-negative cancer cells alone and the stimulated-fibroblasts as well, with an enlarged cell line panel. CX3CL1 and CXCL12 displayed very low expression at the protein and gene level. In a publication by (Marchesi et al., 2010) they stated that the CX3CR1/CX3CL1 axis has role in the tumour progression, increased migration to site of inflammatory dissemination just like the CXCR4/CXCL12 axis in central nervous system cancer. These data support the findings of this study by that these chemokines (CX3CL1 and CXCL12) are associated with increased unfavourable outcome, and might be implicated in part with the poor prognosis in HPV-negative tumours in OPC.

MIF (macrophage inhibitory factor) cytokine arrays data showed elevation in the HPV-negative stimulation. However, this finding should be treated with caution since it is derived from single biological repeat (n=1). Bernhagen et al. (2007) reported MIF as a neutrophil attractant along with the attraction of monocytes and T cells. Dumitru et al. (2011) reported that MIF enhance aggressiveness and metastatic potential of HNC in vitro. Furthermore, the IHC done by Dumitru for biopsy sections from HNC associated with high MIF expression were proportional with the infiltrated neutrophils and linked with lymph nodes metastasis and reduced survival. In conclusion, our cytokine data might indicate that the effects of MIF on neutrophils represent an additional support by which MIF might contribute to HPV-negative poor prognosis. However, our gene expression (n=3) data showed no statistical significance differences in regard to the HPV-status.

CXCL16 up-regulation induces the attraction mainly of T cells as well as other cells like NK, dendritic and plasma cells. In addition, CXCL16 plays a role in the inflammatory process (Vermeulen et al., 2004, Matsumura et al., 2008). Our chemokine data showed that elevated expressions in CXCL16 with the HPV-negative. Wente et al. (2008) outlined that CXCL16 was markedly increased in the sera of an in vivo study and associated with invasive pancreatic cancer nature. These might implicate evidence about the poor prognosis of HPV-negative in HNC according to the protein analysis findings, whilst the gene analysis showed non-significant differences in comparisons to both HPV-types.

Taken together, the array data suggested that the secretion of cytokines and chemokines by stimulated-fibroblasts media was higher in leukocyte-attractant factors in HPV-negative than HPV-positive OPC cells. These biomarkers from the HPV-negative were considered as potential drivers of leukocyte recruitment and by extension may be related to unfavourable prognosis due to the improper immunity in cancer patients. Despite this some chemokines do not directly correlate with the observed recruitments to the tumours microenvironment and as such are still considered as retaining potential to induce leukocytes-attractions in HPV-negative cell lines only, since HPV-positive cell lines demonstrate a comparative down-regulation of the same respective chemokines.

In general, the lack of the available clinical and experimental studies of these novel investigated-biomarkers in HNC and in particular in comparisons between the HPV-positive/HPV-negative tumours made every conclusion carefully derived. As a consequence, these in vitro 2D-model potential findings, concerning leukocytes recruitment, were extensively examined to further validate the data. Furthermore, the cytokines/chemokines constitute a wide range of activities that include angiogenesis (CXCL8) besides recruitment of immune cells to the TME. As such, they have cross-linked recruitment functions e.g. one chemokine may attract many leukocytes subsets at the same time. For example, studies have reported that over expression of CCL2 results in activation of basophils and recruitment of mast cells, (Valent, 1995, Alam et al., 1994), while CCL2 chemokine was regarded mainly as a monocyte attractant. Therefore, we chose the mainly well-known function for each individual cytokine/chemokine.

A crucial limitation of the cytokine array analysis is differences in antibody sensitivity between chemokines where some chemokines may bind with high affinity to the spotted antibodies, quickly saturating the antibody at low concentration, therefore not providing a visual difference at higher concentrations. In addition, densitometry is only semi-quantitative making associations difficult. Therefore, a more quantitative analysis for data using ELISA was required. 
The chemokine/cytokines array data gave an explanation by the stimulated-fibroblasts to the specific differences between the HPV-positive/HPV-negative tumours. To further test the hypothesis, gene analysis was carried out to compare between HPV-status at the transcription level. Another two cell lines were added in this qPCR testing which are SCC152 (HPV-positive) and FaDu (HPV-negative).
A range of chemokine genes were chosen, namely CXCL1, CXCL5, and CXCL8 (mainly neutrophils attractants), CCL2, and CCL7 (mainly monocytes attractants), along with, CCL5, CX3CL1, and CXCL12 (mainly T cells attractants) were selected as well as MIF (neutrophils attractants), and CXCL16 (T cells and NK cells). These were identified through cytokine/chemokines array data, for further gene analysis to address the extent of stimulated-fibroblasts gene profile, with the purpose of determining if mRNA expression was increased in the interactions between the cancer cells and the fibroblasts.
Initially, HPV-positive and HPV- negative OPC cell lines were investigated to test the effects of these cell lines on the tumour microenvironment cell to cell communication at the gene level. The gene expression analysis for the cancer cells alone showed that chemokine gene transcriptions values were relatively low. The neutrophil attractant transcripts in HPV-negative cells were higher than in HPV-positive cell lines (only CXCL1 and CXCL8 but not CXCL5). While for the monocyte attractants, the HPV-negative cells were sometimes lower than HPV-positive, with the same trend concerning T cells. It was therefore concluded that for the cancer cells alone, both HPV-positive and HPV-negative, did not retain the potential to recruit leukocytes to the tumour microenvironments without stimulation. Wolff et al. (2011) reported in the analysis of mRNA expression in multiple HNC cancer cells that up-regulation mostly happened upon stimulation by radiation particularly with CCL2, CCL5 and several CXC chemokines (CXCL1-3 and CXCL9-12). They found also some HNC cell lines were not affected with the stimulation. 
In connection with the gene analysis, it was shown that OPC cells alone did not express chemoattractant genes able to attract leukocytes according to the mRNA results. While, the stimulated-fibroblasts gene expression analysis showed that HPV-negative conditioned medium was able to activate the transcription of several chemokine-genes, whereas HPV-positive conditioned medium did not. 
The gene data of stimulated-NTF by cancer conditioned medium was compared to fibroblasts (NTF) alone as control, and showed clear evidence about the interactions between the cancer cells and the fibroblasts in similar way to the chemokines arrays data. Li et al. (2014) outlined in an in vitro study that there were significant increases at the protein and gene levels for the chemokines CCL2, CCL5 and CXCL8, when cancer-associated fibroblasts underwent stimulation by the oral cancer cell line medium. Moreover, in two publications (Augsten et al., 2009, Muller et al., 2006) found in the prostate and salivary gland cancers respectively that mRNA for CXCL14 and CXCL12 was up regulated due to fibroblast activation in the tumour microenvironment.
According to our qPCR findings, the HPV-negative chemokine genes CXCL1, CXCL5 and CXCL8 (neutrophils), CCL2 and CCL7 (monocytes) and CCL5 and CX3CL1 (T cells) appear to be responsible to stimulate the fibroblasts to provide secretory for leukocytes attractions. The other chemokines genes examined such as MIF, CXCL12 and CXCL16 were comparable between both HPV-types. In the publication by (Jung et al., 2010) which also investigated the dialogue between the CAFs and oral cancer cells, they found over expression of chemokines genes CXCL1, CXCL8, CCL7. In addition, (Lajer et al., 2012) found that HPV-positive OPC had a distinct mRNA expression profile than HPV-negative OPC. Furthermore, they found that HPV-positive OPC holds similarities with the HPV-positive cervical cancers, however, they investigated mRNA transcription in tumour tissue from patient biopsies.

Along with array data findings, the main neutrophil, monocyte and T cell chemoattractants were represented by CXCL8, CCL2, and CCL5 chemokines respectively. Therefore, further quantitative analysis on these proteins by ELISA was performed on conditioned medium. Generally, the quantitative analyses showed that CXCL8, CCL2 and CCL5 chemokines were all secreted at very low levels by cancer cell lines and NTF06 alone. However, secretions were substantially increased when NTF06 were stimulated with the conditioned media from HPV-negative, but not by HPV-positive condition media.
NTF were next explored. Cervical cancer is virtually 100 % caused by HPV. Stone et al. (2014) and here there was high expression of CXCL8 by HPV-positive cervical cancer cells in vivo and in vitro. The finding of this study give implications that CXCL8 drives neutrophil recruitment is consistent to the in vivo and qPCR data to confirm that CXCL8 is expressed in higher amounts in the HPV-negative TME. 

The next quantified chemokine by ELISA was CCL2 (monocyte attractant), also showed similar trend to CXCL8 chemokine secretions. Currently, a novel therapeutic for prostate cancer is a neutralizing monoclonal antibody for CCL2, which is in clinical trials (Izhak et al., 2018, Loberg et al., 2007). Moreover, our findings also sustain previous work made by (Li et al., 2014) who co-cultured cancer-associated fibroblasts with oral cancer cell lines which resulted in up-regulation of CCL2 and other neutrophils and T cell chemokines attractants. Moreover, they reported CCL2 up-regulation was associated with more infiltration of monocytes and lymph node metastases in oral squamous cell carcinoma. 

The ELISA data demonstrated up-regulation in HPV-negative chemokine expression, despite some variation in the array data concerning the stimulated-fibroblasts expression with SCC90. However, ELISA is more quantitative and sensitive technique (up to 10 pg/ml) than the chemokine and cytokine arrays kits used in this study. In addition, the qPCR transcription data was compatible with the protein quantifications done by ELISA. However, our in vivo cohort showed non-significance difference between the HPV-positive and HPV-negative regarding macrophage infiltration, this notion definitely depending on the cancer cells behaviour and the associated patient variability along with our in vivo sample that involved 59 patients but only six cell lines in vitro. Further investigations concerning the CCL2 chemokine is suggested due its pivotal role in cancer and therapeutic potential for patients with OPC. 

While the initial data by ELISA for CXCL8 and CCL2 provided satisfactory evidences for over expression in HPV-negative than HPV-positive, CCL5 provided the same proof by quantitative ELISA results. These verify the hypothesis since these three chemokines are the major players in cellular immune reactions. Soria and Ben-Baruch (2008) reported in breast cancer that over expression of CCL5 was associated with attraction of the pro-tumour leukocytes and inhibited the potential anti-tumour T cells activities in the tumour microenvironment. Moreover, Chuang et al. (2009) found in comparing numerous oral cancer cells, that the highly CCL5 expressing cell lines, chemokines were linked with enhanced migration of oral cancer cells, via increasing metalloproteinase‐9 (MMP‐9) production.

In contrast, the findings of this study could be criticized as CCL5 mainly attracts immune T cells, which might be linked to better prognosis. The elucidation to that is the HNC microenvironment is similar to many other cancers, secreting or expressing not only immunosuppressive factors leading to evasion but also disturbances, apoptosis and even pro-tumour effects by the immune cells. These secreted factors by T cells in HNC was reviewed by (Freiser et al., 2013) and included Galectin-1, FASL,TRAIL and PDL-1. Moreover, indeed it has been shown that HNC can induce the bone marrow to produce an abnormal hematopoiesis, which can influence the whole immune system (Pak et al., 1995, Young et al., 1996, Brakenhoff et al., 1999). These inhibitory factors might give clear images if investigated and compared between the HPV-positive/HPV-negative OPC expressions in the tumour microenvironment. 

Potential critical points that probably the HPV-negative conditioned media could quickly stimulate fibroblasts to secrete chemokines in significant levels, particularly CXCL8. This was reviewed by (Zarogoulidis et al., 2014), and confirmed by Orjalo et al. (2009) who suggested that some cancer cells express pro-inflammatory mediators that are responsible for the up-regulation of chemokines that are implicated in leukocytes recruitment. Identification of these factor(s) in the HPV-negative OPC is the main scope of the next chapter.

To sum up, ELISA quantification of CXCL8, CCL2 and CCL5 in the respective media added weight to the hypothesis that these chemokines have potential to recruit leukocytes in HNC. In addition, ELISA permitted more precise quantification than the chemokine arrays findings, particularly that stimulated-fibroblasts were the main source of chemokines. In addition, data verified that the inflammasome of the HPV-negative microenvironment proposed by our 2D-model and ELISA results offered further confirmation to support that HPV-negative recruit more leukocytes. Furthermore, probably the most novel in part for this section, was using normal tonsillar fibroblasts to address the valid-effects by tumour cells, instead of culturing the already stimulated and genetically modified CAF. 

Data showed relative absence of CXCL8 chemokine release by the fibroblasts upon removal of the stimulated conditioned media (after 48 hours) from cancer cells, represented by incubating the fibroblasts with serum free media.  The CXCL8 chemokine releases reached to about the baseline secretions and comparable to the unstimulated fibroblasts (NTF06) please refer to figure 4.6. This experiment provided satisfactory evidence to support our hypothesis in cancer-stimulated–fibroblast play crucial role in the tumour microenvironments.
 
This experiment raises two pivotal implications: first, the fibroblast is one of the main players in the tumour microenvironment. Second, upon removal the effects of stimulation presented by tumour cells, which in turn represented by the surgery or by radiotherapy alone (sometimes) in the HPV-positive, the up-regulations of the chemokines expressions could be diminished thereby the attractant leukocytes as well. Conversely, in findings by, (Fujimori et al., 2005) they argued that a number of chemokines, including CXCL8, could be up-regulated post-ionizing radiation, which act as stimulating factors to the normal fibroblasts. However, this publication performed these experiments with normal lung fibroblasts. The immune status after the treatment was out of the scope for this project, and indeed the immune disturbance reactions post chemoradiotherpy is not clearly clarified and about 50 % of the patients as reviewed by Leemans et al. (2018) are suffering from recurrences after about two years, and this suggested further investigations. 

The final experimentation of this chapter was using other fibroblasts (NTFs) batches (NTF01, NTF319 and NTF322) in order to show that the inducing fibroblasts phenomenon by cancer cells were not particular to one batch of NTF. Once more, our data succeed to display evidence that the phenomena were repeated across several different NTFs from different donors, except there were slight variations because the NTFs are different and thus respond differently. The main implication is that the overall effect is reproducible. 

Despite the interesting findings, there were several limited points that must be borne in mind, mostly related to technology. This is an in vitro 2D-model culture and so does not represent in vivo findings since the cells did not take their topographic morphologies. Besides this, the fast proliferation of the immortalized cancer cells, raises the potential of phenotype drifting. Moreover, despite our cell line panel including six cancer cells with four batches of fibroblasts from different individuals, the findings presented herein are solely for these cells and might not be readily generalized. The chemokine/cytokine densitometry data provided considerable insight for important biological factors, and the probable tumour microenvironment nature in both HPV-types HNCs. However, they lack the sensitivities to some extent and the obtained data were semi-quantified. A further limitation is that the chemokine arrays are relatively high cost, and so triplicate biological repeats were unfeasible for this large amount of samples demonstrated in this chapter. It was done in duplicate, and duplicates spots are provided in each single membrane and high concordance were observed in spots within the arrays. 

However, there are still difficulties to find 100 % HPV-representative tumour cells. Since the HPV-positive tumours cell lines had been extracted and immortalized from tumours with combined aetiology, i.e. the patients were known smoker or drinker. Ang et al. (2010) suggested in their findings that cancers with mixed aetiology hold an intermediate prognosis to that seen in HPV-positive/HPV-negative tumours. Despite, our findings in the previous chapter (chapter three) showed non-significances differences between HPV-positive/HPV-negative in relation to smoking status. Therefore, caution should be taken not to over-interpret the cell-culture observations related to these tumours cell lines, since they might not fully represent HPV-positive HNCs. However, no reported literature of HPV-positive HNCs for established cell line extracted from non-smoker patients, despite many attempts which have resulted in cell culture failure. This might reflect, in part, the less aggressive nature of HPV-positive tumours. Therefore, these obtained tumour cell lines offer in vitro pragmatic approach for comparisons between HPV-positive/-negative cancers.
In summary, these findings confirm the pivotal role of fibroblasts in the tumour microenvironment and their critical interaction with cancer cells in influencing the nature of the TME. In addition, to the stimulations were extended to the gene level in most of the investigated-transcripts that encoding the chemokine-genes. Some factors were in up-regulated expressions in both HPV-types. Moreover, these high secretory patterns were abolished from the fibroblasts upon removal of the stimulating condition media (supernatants) from the cancer cell lines, reconfirming the fibroblast-crosstalk-tumour cells. Furthermore, our data of stimulated-fibroblasts were mirrored in other fibroblasts batches (different donor) stimulations.

These findings stimulated investigation of the stimulating factor(s) expressed by HPV-negative OPC cells that instruct the fibroblasts (NTF) to secrete chemokines. Experiments on this inducing factor will be the scope of the next chapter.
















[bookmark: _Toc521061330]Chapter five: Chemokines up-regulation in HPV-negative OPC is mediated by the IL-1/IL-1R axis, a 2D in vitro model study. 
5.1. [bookmark: _Toc521061331]Introduction 
The tumour microenvironment is a complicated network of cellular interactions of which immune responses form a part. Inflammatory bioactive factors derived either from the cancer or stromal cells help to orchestrate this intricate environment (Diakos et al., 2014). Although acute inflammation is known as a localised defensive response of normal tissue against infection or injuries, chronic inflammation can promote cancer in tissues including HNC (Aggarwal et al., 2006, Boccardo et al., 2010). Numerous pro-inflammatory factors have been identified in the tumour microenvironment and these most likely aid tumour progression once the tumour is established. These factors include TNF (tumour necrosis factor) and interleukins such as IL-1. These are stimulated in a complex signalling pathway and induced by carcinogens including smoke, alcohol and viral proteins such as HPV. 
Considerable data indicate that cancers not only depend on genetic aberrations, but also on an inflammatory microenvironment that can promote tumour development, invasion and metastasis (Guo et al., 2016, Mantovani et al., 2008). The inflammatory mediators are derived from cells at the site of disease (Kumar et al., 2014). Of particular attention is IL-1, a pleiotropic cytokine with many functions in both physiological and pathological conditions (Lewis et al., 2006).
IL-1 has numerous roles as a pro-inflammatory cytokine and is largely implicated in inflammation, hematopoietic processes and immune regulation. Cancer cells such as prostate, breast, colon, lung, melanomas and HNC have been shown to express IL-1, where its expression is generally associated with poor prognosis (Guo et al., 2016). Evidences from lung cancer and melanoma indicate that tumour-derived IL-1 encourages the recruitment of myeloid cells such as macrophages and neutrophils by acting on fibroblasts and increasing the vascular permeability in the tumour microenvironment (Yoshino et al., 2006, Elaraj et al., 2006). The pro-inflammatory cytokine effects of IL-1 can be antagonised. For example IL-1 exerts its action by binding to IL-1R and Anakinra (Kineret) is a competitive IL-1R antagonist that binds to IL-1R. Anakinra is a licensed medication used mainly to treat rheumatoid arthritis that shows limited side effects and was not associated with vulnerability for opportunistic infections in more than 250,000 patients (Morton et al., 2014, Kuemmerle‐Deschner et al., 2011). 
Data in the previous chapter showed that a factor in the conditioned medium of HPV-negative OPC cells stimulated NTF to secrete a plethora of chemokines. It is well known that pro-inflammatory cytokines such as IL-1 can stimulate the release of chemokines from fibroblasts (Jung et al., 2010). For these reasons it was postulated that the conditioned medium from HPV-negative OPC cells contained a pro-inflammatory factor driving chemokine secretion. The experiments performed in this chapter aimed to identify this pro-inflammatory factor and determine its molecular interaction with tonsillar fibroblasts. 

Hypothesis
The conditioned medium of HPV-negative OPC cells contain a pro-inflammatory factor(s) that stimulates fibroblasts to secrete chemokines by interacting with a fibroblast receptor. That may give explanation to the additional chemokines expressions by the stimulated-fibroblasts. 

5.2. [bookmark: _Toc521061332]Aims
1- Use of in vitro 2D-monolayer cultures to identify the potential factor(s) responsible for the secretion of chemokines by NTF observed in particular with HPV-negative cell lines in the previous chapter.
2- Using an antagonist to obstruct the stimulating axis, that will hypothetically inhibit the release of chemokine secretion.






5.3. [bookmark: _Toc521061333]Methods 
A panel of HPV-positive and HPV-negative cancer cell lines were tested by qPCR (sections 2.2.3.1.), and ELISA (sections 2.2.4.2.) for expression of pro-inflammatory cytokines. Expression of receptors on fibroblasts was assessed using Western blotting (sections 2.2.9.2.), and by immunofluorescence staining followed by confocal microscopy (sections 2.2.9.1.). The fibroblasts were cultured in 6-well plates and their numbers optimized according to our 2D-model in chapter four. The cytotoxic effects of Anakinra were tested using MTT assay as described in (sections 2.2.8.). Chemokines secreted by stimulated-fibroblasts (pre-incubated with Anakinra) were measured by ELISA (section 2.2.4.2. and 2.2.7.1.). Transfection (silencing) for the IL-1R1 in fibroblasts were done as previously described in (sections 2.2.10.).














5.4. [bookmark: _Toc521061334]Results
5.4.1. [bookmark: _Toc521061335]IL-1α/β expression is greater in HPV-negative compared to HPV-positive OPC cell lines.
The findings of the previous chapter prompted the examination of pro-inflammatory cytokine expression by HPV-positive and HPV-negative OPC cell lines because chemokine gene expression by fibroblasts are predominantly induced by pro-inflammatory biologically active factors, usually through activation of mitogen-activated protein kinase (MAPK) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signalling pathways (Hoesel and Schmid, 2013).
Initially, tumour necrosis factor-α (TNFα) protein levels in the OPC conditioned medium were examined by ELISA. However, neither HPV-positive nor HPV-negative cells secreted TNFα (data not shown). Next, levels of IL-1α and IL-1β were examined. IL-1α was detected in the conditioned medium of all cell lines tested but the cytokine was present in significantly greater amounts in HPV-negative than HPV-positive cell lines with the exception of SCC72 cells (figure 5.1 A). Expression in SCC89 cells was very significant (p<0.0001) when compared with all the other HPV-positive cells, whilst FaDu was less so (p=0.03 and p=0.02 with SCC90 and SCC152 respectively). Interestingly, IL-1β could not be detected in the conditioned medium of any OPC cell lines by ELISA (figure 5.1 B). 
Next, gene expression of IL-1α and IL-1β by both HPV-positive and HPV-negative OPC cell lines was examined. IL-1α gene transcripts were detected in all cell lines with the exception of SCC2 cells. Gene expression was significantly elevated in the HPV-negative lines SCC89 and FaDu (4- and 3-fold, respectively) compared to all HPV-positive cell lines (p<0.01); a trend that was similar for protein expression by these cells (figure 5.1 C). In contrast to the ELISA data, abundant gene expression of IL-1β was detected but only in HPV-negative OPC cell lines with highly significant increases observed in with SCC89 and FaDu cell lines (p<0.0001) (figure 5.1 D). 
[image: ]
Figure 5.1. HPV-negative OPC cell lines express more IL-1α and IL-1β than HPV-positive cells. Levels of (A) IL-1α protein expression or (B) IL-1β protein expression in OPC conditioned medium (C) Gene expression of IL-1α and (D) Gene expression of IL-1β in HPV-positive (SCC2, SCC90, SCC152) or HPV-negative (SCC72, SCC89, FaDu) tumour cells. Cytokine levels were quantified by ELISA, while mRNA transcript levels were quantified by qPCR. Expression of IL-1α and IL-1β was normalized to the internal reference control gene, β2-microglobulin to provide measures of relative expression for each cell line. Statistical analysis was achieved using a one-way independent ANOVA with Tukey’s post-hoc multiple comparison test.*At least p<0.05. *¶, and *δ compared with SCC2, SCC90 and SCC152. 
5.4.2. [bookmark: _Toc521061336]SCC89 conditioned medium stimulates a time-dependant increase in CXCL8 secretion by NTF.
To test if the conditioned medium for OPC HPV-negative cells induces chemokine secretion over time, NTF06 were incubated with conditioned medium from SCC89 cells (as previous data showed these cells to induce the most potent chemokine response). In addition to CXCL8 released examined over time (1, 4, 8 and 24 hours). Conditioned media collected from unstimulated NTF06 were used as a negative control whilst NTF06 incubated with recombinant IL-1β (high specific binding to IL-1R) was used as a positive control and CXCL8 release by NTF quantified by ELISA as shown in (figure 5.2). CXCL8 was measured because this chemokine was significantly increased by HPV-negative conditioned medium as shown in chapter four. Secretion of CXCL8 by NTF06 increased in a time-dependent manner for both recombinant IL-1β and the conditioned medium from SCC89 OPC cell line. NTF06 alone showed average CXCL8 levels of 22 ± 1, 23 ± 3, 132 ± 5, and 150 ± 16 pg/ml for 1, 4, 8 and 24 hours respectively), in contrast stimulated-NTF06 with SCC89 conditioned medium showed significant (at least p<0.05) increased secretion of CXCL8 at all time points tested (186 ± 6, 9316 ± 261, 16024 ± 481 and 22217 ± 214 pg/ml). In addition, stimulation with recombinant IL-1β increased CXCL8 expression further (243 ± 3, 19640 ± 1078, 29055 ± 2159 and 107914 ± 5444 pg/ml for 1, 4, 8 and 24 hours respectively). These data indicate that a pro-inflammatory factor within the SCC89 conditioned medium may increase chemokine secretion by NTF06 over time. Time-dependant assay for the stimulated fibroblasts was performed with a time point used according to the IL-1R antagonist (Anakinra) drug mean half-life, which is 4-6 hours. 
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Figure 5.2. SCC89 HPV-negative conditioned medium or recombinant IL-1β stimulates increased CXCL8 secretion by NTF06 in a time-dependent manner. NTF06 were either cultured alone as control, stimulated with the conditioned medium from SCC89 cells or stimulated with 5ng/ml IL-1β. The NTF06 conditioned media was analysed for secretion of CXCL8 after 1, 4, 8 and 24 hours by ELISA. Data are presented as mean ± SD; statistical analysis was achieved using a one-way independent ANOVA with Tukey’s post-hoc multiple comparison test. * p<0.05 compared to unstimulated NTF (NTF06).
5.4.3. [bookmark: _Toc521061337]NTF express IL-1R1
Both isoforms of IL-1α and IL-1β potentiate their pro-inflammatory actions by binding to IL-1R1 expressed by target cells (Ghiringhelli et al., 2009, Mayer-Barber et al., 2011). Since HPV-negative cells express abundant IL-1 then it is plausible that this cytokine may be responsible for stimulating NTF if these cells express IL-1R. Expression of IL-1R1, the main receptor for IL-1 binding, was firstly analysed by Western blotting. However, this technique did not detect IL-1R1 despite many trials with different concentrations and various methods of protein harvesting (figure 5.3). 
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Figure 5.3. Western blotting analysis for IL-1R1 by NTF. The IL-1R1 protein expression in NTF could not be detected by Western blotting. The experiments were done by loading 10 µg, 20 µg, and 40µg of total protein extract. Recombinant IL-1R1 was used as positive control. Anti-β-actin was used as a loading control. Abbreviations: Control (Ctrl), kilo Dalton (kDa).

It is possible that IL-1R is expressed on the cell surface at low levels and that Western blotting using largely the cellular fraction is not a sensitive enough technique to detect plasma membrane expression of IL-1R. Therefore, expression of IL-1R1 was analysed by confocal images on 4 different batches of NTFs from different donors using a sensitive immunofluorescence antibody streptavidin-biotin triple labelling technique. Confocal immunofluorescence microscopy analysis showed punctate expression of IL-1R by NTF, providing evidence of both cell surface and intracellular receptor expression (figure 5.4). In these staining assays expression of HLA class I, a cell surface receptor expressed by all nucleated cells was used as a positive control and this showed abundant expressed on NTF, whilst IgG was used as an isotype antibody control and this showed negligible background staining, suggesting that staining using the IL-1R1 antibody was specific.  Some variations were observed in IL-1R1 staining amongst the different batches of NTF from different donors, suggesting that expression varies from individual to individual. In addition to protein analysis of IL-1R1, mRNA transcripts were detected in NTF06 by qPCR (figure 5.8)
In summary, the data so far show that OPC cells, in particular HPV-negative cell lines, express abundant IL-1, while NTF express IL-R1, the receptor for IL-1. In addition, the conditioned medium from SCC89 HPV-negative cells induced secretion of CXCL8 by NTF in a time-dependent manner. These data indicate potential effects of this axis (IL-1/IL-1R) might be behind the stimulation of NTF in the tumour microenvironment.
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Figure 5.4. Immunofluorescent images showing the expression of IL-1R1 by NTF. NTF were fixed and permeabilised and stained with monoclonal antibodies for IL-1R1, HLA class I (positive control) or IgG (negative control) as shown in the green and red images on both sides, DAPI was used to counterstain the nuclei (blue). Images were visualized by confocal microscopy. NTF01, NTF06, NTF319, and NTF322 displayed cell surface and intracellular IL-1R1 expression. Scale bar 20 µm...........................................................................................................................................

5.4.4. [bookmark: _Toc521061338]The IL-1R antagonist (Anakinra) is not cytotoxic to NTF
The data thus far suggest a link between IL-1 in the conditioned medium of HPV-negative OPC cells and IL-1R expressed by NTF. To explore a causative relationship of the specific IL-1R antagonist, Anakinra was used to block the IL-1R on NTF. However, before testing the blocking activities of the drug it is important to investigate whether Anakinra is toxic toward NTF and at what concentration levels. Therefore, NTFs were incubated with increasing concentrations of Anakinra from 0.1 to 500 µg/ml. This range of doses were chosen according to the clinically recommended dose of Anakinra 1 mg/kg/day which is equivalent to 1 µg/ml (Holen et al., 2016). Toxicity was measured using an MTT assay, a marker of cell metabolism and a surrogate marker of cell viability.
The MTT cytotoxicity assay confirmed that Anakinra was not toxic to NTF06, even up to a concentration of 500 μg/ml (figure 5.5). The statistical analysis showed no significant effects on cell viability with any Anakinra-treated NTF06 (0.1 -500 μg/ml) compared to untreated NTF06. In contrast, use of formalin to fix and therefore kill the NTF06 showed a significant difference in cell viability compared to Anakinra-treated and untreated NTF06 (p<0.0001) showing that the assay had worked. 
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Figure 5.5. Anakinra showed no toxicity in NTF06. NTF06 were incubated with increasing concentrations of Anakinra and viability measured by MTT assay. Formalin-fixed (killed) cells were used as a negative control and NTF06 alone without Anakinra used as a positive control. All the Anakinra incubated-fibroblasts showed no significant difference with untreated NTF06, while all the Anakinra treated NTF06 showed significance difference to the formalin-fixed fibroblasts. Data are presented as mean ± SD statistical analysis achieved using a one-way independent ANOVA with Tukey’s post-hoc multiple comparison test. (* p<0.05). Abbreviation: Control=Ctrl,‘3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide’=(MTT), and Optical Density= (OD).

5.4.5. [bookmark: _Toc521061339]Anakinra inhibits secretion of chemokines by NTF stimulated with the conditioned medium from SCC89 OPC cells 
Anakinra was now used to determine if IL-1 in the HPV-negative OPC conditioned medium was responsible for stimulating the increase in chemokine expression by NTF06 in an IL-1R-dependent mechanism. The highly specific IL-1R antagonist Anakinra has a half-life of 4-6 hours therefore NTF were pre-incubated with Anakinra (1 to 100 μg/ml, concentrations known to be non-toxic) for 2 hours prior to stimulation with conditioned medium from SCC89 HPV-positive OPC cells for 4 hours, a time point previously shown to produce a significant increase in chemokine secretion compared to untreated NTF06 (figure 5.2). 
As with previous data, both NTF06 and SCC89, when incubated alone, expressed minimal chemokines, whereas NTF06 incubated with SCC89 conditioned media in the absence of Anakinra were induced to secrete significant levels of CXCL8, CCL2 and CCL5 chemokines (figure 4.5).
[bookmark: OLE_LINK2]Treatment of NTF06 with anakinra significantly (p<0.01) reduced secretion of CXCL8 and CCL2, reducing levels to that of unstimulated NTF06 in an Anakinra dose-dependent manner (figure 5.6 A and B). Interestingly, the pattern of CCL5 expression differed to that of CXCL8 and CCL2. Here, CCL5 was detected in SCC89 media alone, although secretion significantly increased when the media was incubated with NTF06 (p<0.01). Treatment with Anakinra non-significantly reduced CCL5 levels, other than with the concentration 10 µg/ml that showed significance (p=0.02) although not back to baseline, whilst treatment with 100 µg/ml displayed a non-significant decrease (figure 5.6 C). Taken together, these data show that Anakinra and therefore inhibition of IL-1R abrogates secretion of CXCL8 and CCL2 in an IL-1/IL-1R dependent manner. 
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Figure 5.6. Stimulated-fibroblasts (NTF06) chemokine release by HPV-negative conditioned medium is driven by an IL-1/IL-1R1 axis. NTF06 cells were pre-incubated with Anakinra then stimulated with the conditioned media from HPV-negative SCC89 tumour cells and levels of chemokines (A) CXCL8, (B) CCL2 and (C) CCL5. Chemokines levels were quantified in the media by ELISA and compared to levels of these chemokines from stimulated-fibroblasts incubated with the conditioned media from SCC89 cells without treatment (pre-incubation) with Anakinra. The stimulated-fibroblasts pre-incubated with dose-responses increase of IL-1R antagonist (Anakinra) 0.1 µg/ml, 1 µg/ml, 10 µg/ml, and 100µg/ml. In each case chemokine secretion was significantly decreased by pre-incubation with the Anakinra in CXCL8 and CCL2. The statistical analyses were achieved using a one-way independent ANOVA with Tukey’s post-hoc multiple comparison test. * At least p<0.05.
5.4.6. [bookmark: _Toc521061340]Anakinra inhibits secretion of chemokines by other donor of stimulated-fibroblasts (NTF) with the conditioned medium from SCC89 OPC cells 
To determine that this phenomenon was not due to one individual NTF batch, the Anakinra blocking experiment was repeated with other 3 batches of NTFs derived from separate donors (NTF01, NTF319 and NTF322) in the absence or presence of pre-treatment with 10 µg/ml Anakinra, a concentration shown to cause inhibition by NTF06 cells. Then, release of chemokines CXCL8, CCL2 and CCL5 by NTF in response to SCC89 conditioned medium was quantified by ELISA. In addition, these NTFs were stimulated with recombinant IL-1β also in the absence or presence of pre-treatment with 10 µg/ml Anakinra. 
In general, the data showed same trend to that observed for NTF06 cells (figure 5.6). Incubation of all batches of NTFs with SCC89 conditioned medium led to a dramatic increase in secretion of CXCL8, CCL2 and CCL5 chemokines. Moreover, in each instance, pre-incubation with Anakinra resulted in a significant reduction of CXCL8 and CCL2 chemokine secretion that was not evident for CCL5 (figure 5.7). In addition, treatment of these NTFs with recombinant IL-1β also induced remarkable chemokine response that was likewise completely inhibited by the IL-1R antagonist. There was a decrease in CCL5 secretion by IL-1β-stimulated NTF when pre-incubated with Anakinra. These experiments were only performed to determine if this phenomenon was reproducible with other NTFs, so statistical analysis was not performed on these data, because of the limited number of biological repeats.
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Figure 5.7. Different batches (donors) of NTFs respond in an IL-1R-dependent manner upon stimulation with SCC89 conditioned medium or IL-1β. NTF from different donors (A-C) NTF01, (D-F) NTF319, and (G-I) NTF322 incubated in the absence or presence of 10µg/ml Anakinra and then stimulated with either conditioned medium from SCC89 cells or recombinant IL-1β for 4 hours. Then, the levels of CXCL8, CCL2 and CCL5 were quantified in the conditioned media by ELISA and compared to levels from unstimulated-NTF. Data are from one experiment performed in triplicate.  



5.4.7. [bookmark: _Toc521061341]Reduced expression of IL-1R1 on NTF using siRNA transient transfection inhibits chemokine secretion upon simulation with SCC89 conditioned medium. 
Data thus far have used a synthetic inhibitor to block the IL-1R. It could be argued that this inhibitor has off-target effects that cause the reduction in chemokine secretion by NTF rather than by blocking the IL-1R. Therefore, to confirm that the increased chemokine secretion is mediated by the IL-1/IL-1R, expression of the IL-1R1 was inhibited using siRNA technology. Low passage NTF06 were transiently transfected with four siRNA probes specific for IL-1R1 and incubated for 24, 48, and 72 hours in order to determine which probe was most efficient at reducing IL-1R1 expression. The efficiency of IL-1R1 knockdown was evaluated by IL-1R1 specific qPCR primer. All four siRNA probes caused a significant decrease in NTF06 IL-1R1 expression after 24, 48 and 72 hours, in comparison to mock-transfected NTF06 (i.e. NTF incubated with transfection reagents but in the absence of siRNA probe) as shown in (figure 5.8). 
According to the qPCR data, the most efficient siRNA probe was number 1, which consistently showed the lowest average decrease in IL-1R1 gene expression (0.003, 0.0038. and 0.006) with statistical significance (p=0.002, p< 0.001, and p< 0.001 respectively). In comparison to control transfected cells at time-points 24, 48, and 72 hours respectively, while the means of the control gene expression were 0.021, 0.023 and 0.06 respectively at these time-points. Consequently, siRNA probe number 1 was used in subsequent experiments. Expression of IL-1R1 was not totally eliminated by siRNA treatment in NTF. 
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Figure 5.8. IL-1R1 gene expression in IL-1R1 siRNA-transfected NTF. NTF06 were incubated with the Hi-perfect transfection reagent and siRNA probes 1, 2, 3, and 4. Then the gene expression for IL-1R1 was analyzed by qPCR after (A) 24, (B) 48, (C) and 72 hours incubation. Expression of the endogenous control (B2M) was compared for each individual cell with the target expressed gene. The statistical analysis was achieved using each individual transfected fibroblasts (siNTF06) expression compared with, NTF incubated with Hi-perfect alone as mock-transfected control. Data were analysed by one-way independent ANOVA with Tukey’s post-hoc by multiple comparison test. * p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. Abbreviations: Control= (Ctrl), Probe= (P), transfected fibroblasts= siNTF06, and Hi-perfect transfection agent = (HP).

Next, NTF06 were transiently transfected with siRNA probe number 1 for IL-1R1 and then the NTF06 incubated with the conditioned medium from SCC89 HPV-negative OPC cells and CXCL8 chemokine released by these NTF were quantified using ELISA. NTF06 alone were used as negative controls. In addition, NTF06 alone or mock-transfected NTF06 stimulated with medium from SCC89 were used as further controls. The stimulation with the SCC89 medium was performed for 4 hours to mimic the experiment performed with Anakinra. Once again, NTF06 alone or mock-transfected NTF06 alone displayed negligible CXCL8 release (figure 5.9). Conditioned medium stimulated-NTF06 demonstrated a significant (p<0.001) increase in CXCL8 levels compared to NTF06 alone or mock-transfected NTF06. More importantly, secretion of CXCL8 by NTF06 cells treated with IL-1R1 siRNA and then stimulated with SCC89 conditioned medium was significantly less (3590 ± 350.8 pg/ml, p<0.0001) than the CXCL8 released by mock-transfected NTF06 stimulated with SCC89 conditioned medium (8054 ± 484.2 pg/ml, figure 5.9A) after 24 hours. Similar data was observed for transfections carried out after 48 where reductions in CXCL8 levels of SCC89 stimulated-siRNA treated NTF06 was 2202 ± 305 pg/ml compared to mock-transfected controls  (6724  ± 1172 pg/ml, figure 5.9 B). 
Despite, the significant decrease in CXCL8 chemokine release by siRNA treated NTF06. Levels of CXCL8 were not reduced to baseline levels of NTF06 alone. This may be due to inhibition of just IL-1R1, while other IL-1R family members may still interact with IL-1 in the SCC89 medium, or more likely that the siRNA transfection was not 100 % efficient therefore, the limited IL-1R remaining on the NTF06 cell surface were still able to interact with IL-1 in the SCC89 medium causing a CXCL8 response albeit reduced compared to mock-transfected cells. 
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Figure 5.9. siRNA transfected NTF06 displayed decreased CXCL8 secretion in response to SCC89 conditioned medium. NTF06 were incubated with Hi-perfect (HP transfection agent) and siRNA probe 1. Then after (A) 24 hours of transfection, and (B) 48 hours of transfection, the NTF06 were stimulated with SCC89 conditioned medium for 4 hours and CXCL8 secretion was quantified by ELISA. The stimulated-transfected NTF06 (siNTF06+HP+SCC89) were compared with two controls stimulated-fibroblasts (NTF06+SCC89) and stimulated-fibroblasts incubated with the Hi-perfect transfection agent (NTF06+HP+SCC89). Statistical analysis was performed using a one-way independent ANOVA with Tukey’s post-hoc by multiple comparison tests. *p<0.05,****p<0.0001. Abbreviations: Transfected fibroblasts=siNTF06, Hi-perfect transfection reagent.

Investigations next examined if knockdown of IL-1R1 in NTF06 also reduced CXCL8 gene expression upon stimulation with the conditioned medium from SCC89 cells. Similar to data obtained for CXCL8 protein secretion, CXCL8 gene expression was significantly reduced in SCC89 conditioned medium-stimulated NTF06 when these cells were prior treated with siRNA for IL-1R1 when compared to stimulated NTF06 not receiving siRNA treatment. The reduction in CXCL8 gene expression attributed to IL-1R1 siRNA inhibition was about one-third than the mock-transfected control NTF06 at both 24 and 48 hours (p<0.001, figure 5.10 A and B).
Taken together, these data showed that IL-1 released from HPV-negative cells, in particular SCC89 OPC cells, interact with IL-1R expressed by NTF and that this interaction derived the gene expression and protein secretion of a subset of chemokines in particular CXCL8 and CCL2, but it appears not CCL5. This mechanism of induced chemokine secretion is significantly less apparent in HPV-positive OPC stimulated NTF.  The IL-1/IL-1R axis is closely associated with chemokine release by stimulated-NTF and blocking IL-1R signalling by Anakinra or siRNA significantly decreases this stimulation. These observations identify that the IL-1/IL-1R axis as a central key mediator in the HPV-positive and HPV-negative tumour microenvironment. 
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Figure 5.10. siRNA transfected NTF06 displayed decreased CXCL8 gene expression in response to SCC89 conditioned medium. NTF06 were incubated with the Hi-perfect transfection reagent and siRNA probe 1. Then after (A) 24 hours of transfection or (B) 48 hours of transfection, the NTF06 were stimulated with SCC89 conditioned medium for 4 hours and CXCL8 gene expression was analyzed by qPCR. The endogenous control (B2M) was used as control to be compared for each individual cell with the expressed gene. The gene expressions expressed by stimulated-transfected-fibroblasts (siNTF06+HP+SCC89) were compared with two controls stimulated-fibroblasts (NTF06+SCC89) and stimulated-fibroblasts incubated with the Hi-perfect transfection agent (NTF06+HP+SCC89). The statistical analysis was achieved using a one-way independent ANOVA with Tukey’s post-hoc by multiple comparison tests. * p<0.05. Abbreviations: Transfected fibroblasts=siNTF06, high perfect (HP) transfection agent. 






5.5. [bookmark: _Toc521061342]Discussion
The tumour microenvironment is composed of a wide range of cellular constituents including tumour cells, leukocyte, endothelial cells, and stromal fibroblasts. The pathogenesis of cancer creates events leading to an imbalanced microenvironment. These pathological conditions affect the tissue homeostasis and various cell types disturbances through modulation of the immune system; where inflammation is a fundamental participant in the tumour microenvironment (Petruzzi et al., 2017, Mantovani et al., 2018). The inflammatory mediator repertoire is enormous in the tumour microenvironment and includes primarily pro- and anti-inflammatory mediators and various chemokines (Netea et al., 2017). 

With particular interest is IL-1 with its (α, and β) isoforms; a pro-inflammatory cytokine with multi-functions in both physiological and pathological circumstances. A large number of reports point to IL-1 and its effects as occupying a central responsibility in tumour-related inflammation. 

The main aim of the experiments presented in this chapter was to identify the molecules in the conditioned medium of HPV-negative OPC cells that were driving chemokine release by NTF. Since chemokine release tends to be due to a pro-inflammatory cytokine, initial screens were for expression of TNFα. However, this cytokine was not detected in the conditioned medium of the HPV-positive and HPV-negative OPC cell lines tested. Subsequently, thoughts turned to expression of IL-1 and its isoforms IL-1α and IL-1β. Indeed, gene expression of IL-1α was detected in both HPV-positive and HPV-negative OPC cell lines with significant increased expression observed in the HPV-negative cells. More striking was gene expression of IL-1β that was exclusively expressed in HPV-negative OPC cell lines, showing that HPV-negative rather than HPV-positive OPC cells predominantly express IL-1 isoforms. Interestingly, although abundant IL-1β gene expression was observed, IL-1β protein could not be detected in the conditioned medium of HPV-negative cells. 

It is not certain why this is the case as the IL-1β standards gave optical density (OD) reading showing that the ELISA was working. It could be that levels were lower than the detection limit of the ELISA or that IL-1β is released within membrane bound vesicles and so not detected by the ELISA kit. 
Recently, IL-1 appears to be involved in innate and adaptive immune reactions with new unforeseen vistas. Lopez-Pousa et al  investigated the gene expression of IL-1α in more than 100 HNCs qPCR analysis and observed elevated expression of IL-1α was an associated factor for risk of metastasis and unfavourable survival (Lopez-Pousa et al., 2014). The other isoform, IL-1β, was identified by Wu et al as a central node gene in the tumour microenvironment by inducing tumorigenesis and chemokine expression (Wu et al., 2016). Silencing of IL-1β in oral cancer cells, as stated by Wu and colleagues, resulted in down regulation of many genes in addition to the role of IL-1β in the signalling pathway with neighbouring cells in the tumour microenvironment. A mismatch between the protein and mRNA expression of IL-1β was also observed in this study, and it is well documented that cell line mRNA transcripts are not always predictive to protein cellular secretion (Vogel and Marcotte, 2012, Kendrick, 2014).

Moreover, two publications reported that in mice, IL-1 showed similarities in the genetic pathways for both mice and humans. The authors found that the mice with defective IL-1β or IL-1R1 revealed protective mechanism against carcinogenesis (Krelin et al., 2007, Apte et al., 2006). Conversely, Murphy et al showed that over-expression of IL-1α in transgenic mice demonstrated resistance to skin papilloma against carcinogenic materials while control mice developed papillomas to those carcinogens (Murphy et al., 2003).  However, the resistance might relate to the innate defence mechanism from physical and cellular roles that resist the initiation of skin papilloma in these transgenic mice models.

Curiously, a complete lack of IL-1β gene expression has also been observed in HPV-positive cervical carcinoma cells lines, implying HPV as a central driving force in IL-1β ablation. Niebler et al., showed that infection of primary keratinocytes with HPV-16 E6, but not E7, abrogated IL-1β processing and secretion in a proteasome-dependent manner that was mediated by ubiquitin ligase E6-AP and p53. The authors further suggested that continual IL-1β ablation lead to complete loss of IL-1β gene altogether as HPV-mediated malignancy develops (Niebler et al., 2013). It is tempting to speculate that a similar mechanism also exists in HPV-positive OPC cells and this may explain the difference in IL-1β expression between HPV-positive and HPV-negative OPC cells observed in this study. 

It is broadly accepted that the tumour microenvironment should be inspected as a crucial and dynamic component in studying cancer. Moreover, all the constituents of this vital microenvironment are interacting in a complex network; recognition of the link between these pivotal players is essential for future therapeutic mechanisms. Therefore, to validate the postulation that IL-1 is a key player in the HPV-negative OPC stimulation of NTF, the IL-1R should be localized to NTF. Indeed, although IL-1R has been detected previously on inflamed gingival fibroblasts (Kanda-Nakamura et al., 1996), this is the first time expression of IL-1R1 has been detected on NTF. Findings showed that IL-1R1 was present in the cytoplasmic and membranous compartments. The IL-1R1 antibody for the immunofluorescent staining was chosen since it has been frequently employed and shows IL-R1 expression in many human cell types (Mattiola et al., 2015). In fact, all four batches of NTF (NTF01, NTF06, NTF319 and NTF322) were found to express IL-1R with some variations allied to donor variation. 

In addition to protein analysis, gene transcript analysis demonstrated that NTF also express IL-1R at the gene level. However, IL-1R was not detected by Western blotting, which could be explained due to low expression of the IL-1R1 protein. Jung et al. (2010) detected IL-1R1 in cancer-associated fibroblasts in oral squamous carcinoma by Western blotting. This finding could be related to the use of cancer-associated-fibroblasts that may express elevated levels of IL-1R compared to NTF (MacGillivray et al., 2000). 

Based on the data previously shown, this part of the study has attempted to identify the mediators of the interactions between tumour cells and stromal fibroblasts. Those were represented by prominent chemokine expression as shown in the previous chapter. The data supports the claim that both elements of the system are present: IL-1 from the cancer cells from one side, which is one of the most powerful pro-inflammatory cytokines and reported to be elevated during inflammation and cancer conditions (Mizutani et al., 1991, Apte et al., 2006). On the other side, the receptor IL-1R1 is expressed by fibroblasts, in which the two IL-1α/β isoforms work synergistically to excite multiple inflammatory signalling cascades. Hypothetically, blocking this reciprocal dialogue by therapeutic means may not only provide insight on how best to treat HPV-negative cancers, but also alleviate the long-term sequelae of aggressive treatment provided for the improved prognostic HPV-positive cancer. Additionally, it might give possibilities to modulate immune reactions in HPV-negative OPC to be in similar favourable prognosis that is associated with HPV-positive OPC. 
A recently published review by (Mantovani et al., 2018) highlighted the importance of the IL-1/IL-1R axis in both malignant cells and fibroblasts and their responsibilities in cancer. Interrupting the IL-1/IL-1R axis may be important. To give these in vitro experiments a more clinical aspect, instead of using an antibody to block IL-1R, as previously done, a clinically licensed IL-1R antagonist (Anakinra, brand name Kineret) was utilized. The drug is used for the treatment of severe cases of rheumatoid arthritis. The endogenous IL-1R antagonist is naturally occurring, however many in vivo studies had reported elevated IL-1 concentrations during malignancies (Lewis et al., 2006) and this elevation is associated with virulent cancer phenotypes. Moreover, Anakinra has recently been repositioned as an anti-cancer medication for the treatment of myeloma (Wu et al., 2016). Therefore, repositioning Anakinra as probable drug in HNCs may hold many advantages in lowering cost required for drug development, reductions of approval time, and acceleration in its delivery for clinical use.  
Anakinra was non-toxic to NTF even at high concentrations. It was unfeasible, due to cost consideration, to further increase in the dose of Anakinra above 500 µg/ml to test the therapeutic window (i.e. get cells death) of Anakinra in order to observe some toxicity. However, this in vitro test for single cell types did not exclude Anakinra toxic side effects in vivo. 
Most of the reported adverse effects of Anakinra range from infection due to neutropenia, local skin-injection reaction, influenza like symptoms, headache, abdominal pain and other limited effects. Nevertheless, Anakinra has shown high safety and tolerance in the majority of patients, even with long-term treatment for up to 52 weeks in multi-centre trials for autoimmune disease (Nuki et al., 2002). However, autoimmune diseases are a different entity from malignant diseases. Further, investigations concerning Anakinra other side effects in HNCs are warranted and to observe any idiosyncratic reactions. Anakinra is contraindicated with patients that have renal impairments and those allergic to E coli-derived proteins.  
In this study Anakinra was used in IL-1R blocking experiments to determine if cancer cell-derived IL-1 binding to NTF IL-1R. Anakinra is similar to the endogenous IL-1R-anatgonist that prevents binding of IL-1α/β to IL-1R in all the human tissue that are expressing IL-1R (Dinarello, 2010). NTF were pre-incubated for two hours to allow the Anakinra to bind IL-1R as previously shown (Chevalier et al., 2009). To show that CXCL8, CCL2 and CCL5 release is driven in NTF by the IL-1/IL-1R axis. The pharmacokinetic parameters demonstrated that the mean half-life of Anakinra in patients' sera was ~ 4 hours. For this reason, to precisely test the drug effects on the stimulated-NTF an assay was preformed to collect the conditioned medium from stimulated-NTF with SCC89 and recombinant IL-1β at different time points. The results provided evidence that stimulated-NTF gave significant responses following 4 hours in comparison with the non-stimulated fibroblasts.     

Another crucial point related to the use of Anakinra was the concentrations used, since this study is the first time that this drug has been used to block IL-1R on NTF. Therefore, initially dose-escalation protocol starting from 0.1 to 100 µg/ml that was around the recommended dose for rheumatoid arthritis 1 µg/ml, in order to obtain the working-best concentration. 
Pre-incubation of Anakinra with NTF exhibited clear dose-response relationship with even low doses of Anakinra significantly inhibiting chemokine secretion. In consistence with previous publication, Watari et al. (2014) found that in the highly aggressive lung cancer type expressing IL-1α/β. Watari et al, reported that using Anakinra significantly decreased CXCL8 expression in a murine cancer model. Moreover, they also observed a reduction in tumour infiltrating neutrophils that are mainly recruited by CXCL8.
Following confirmation of the decrease in CXCL8 level in the stimulated-NTF conditioned medium, dose-response experiments were done in similar manner to quantify CCL2 in NTF supernatants. Again, clear similar trends were observed with abrogation of IL-1 in the stimulated-fibroblasts with HPV-negative SCC89. Fascinatingly, doses of 10 µg/ml brought the CCL2 release even below the non-stimulated NTF. This could be advantageous since NTF secretes CCL2 in the normal state, which might participate, in part, in recruiting myeloid suppressor cells to the tumour microenvironment. Okamoto et al. (2010), pointed to analogous results in human melanoma cells, in which paracrine signal from IL-1 activated chemokine expression in neighbouring cells. In addition, they reported that an IL-1R antagonist significantly reduced levels of CCL2 in addition to other pro-inflammatory cytokines. Thus, IL-1 blockade might affect the number of infiltration of the tumour-associated macrophages.
However, CCL5 exhibited a different pattern from CXCL8 and CCL2, where CCL5 showed a non-significance decrease with 0.1 and 1 µg/ml doses of Anakinra. Although the dose of 10 µg/ml provided statistical significance, this gave unconvincing effects that could not be translated to in vivo biological nature, and this was depicted with other fibroblasts batches. Further investigations regarding Anakinra effects on the CCL5 chemokine is required to confirm its role in this axis. 
A number of explanations were considered for the inconsistent findings between CXCL8 and CCL2 chemokines from one side and the CCL5 chemokine on the other side. Firstly, the explanation could be derived from the IL-1 physiological functions.  IL-1 has effects on angiogenesis, as well as activation of endothelia, attractions of myeloid suppressor cells (tumour-associated macrophages and neutrophils) or activation of their chemoattractants, and lymphocytes (mainly Th17) (Mantovani et al., 2018). Therefore, it could be speculated that IL-1 has effects only on lymphocyte polarization but not on chemoattraction. Secondly, CCL2 and CCL5 act on different receptors (CCR2 for CCL2, and CCR1 and CCR5 for CCL5) and so their signalling pathways may be different (Zhang et al., 2015). Although, these results were not in absolute confirmation, it does reflect that Anakinra holds neglected inhibitory effects in response to CCL5 stimulation.  Moreover, CCL2 and CCL5 tend to be activated in the same pathway via NF-kB, however this may not be the case in tonsillar fibroblasts.
In support of the Anakinra data, knockdown of IL-1R1 in NTF significantly inhibited HPV-negative SCC89 stimulation of NTF by up to ~ 50 %. While it was obviously noticed that Anakinra reduced the CXCL8 to background level. CXCL8 chemokine was chosen since the Anakinra revealed very prominent decrease effects on this secreted chemokine. The differences between the Anakinra and IL-1R1 siRNA transfection in chemokine reductions could be explained by a recent findings by, (Molgora et al., 2017) and reviewed by Mantovani et al. (2018), that other members of the IL-1R ten family members have distinct characteristics function and can still sending inflammatory signals. A supportive findings, were detected by, Okamoto et al. (2010), they outlined that IL-1R1 transfection inhibited the inflammasome pathway and cause downstream in secreted chemokines including CXCL8.

Anakinra could be mono-therapeutic option (unlikely) or in combination with other therapeutic modalities in the HNCs. Probably, the greatest benefits from a fibroblasts-targeting strategy might be their relative genetic stability with less opportunities to develop drug resistance, (Mueller and Fusenig, 2004). Although, Anakinra showed evidence suggested attenuating the activity of stimulated-fibroblasts (HPV-negative tumour cells), these conclusions were drawn from in vitro study and further investigations warranted.  

Data in this chapter provides evidence that OPCs HPV-status may radically influence tumour biology by altering the inflammatory microenvironment. Indeed, increased levels of IL-1β have been found in the cell constituents of HPV-negative compared to HPV positive OPC, supporting the observations in this study (Partlová et al., 2015). One of the major roles of chemokines in tumour biology is to attract leukocytes to tumour tissue. Although no study has reported data specific to HPV-positive and HPV-negative OPCs, abundant tumour-associated macrophages and neutrophils have been found in HPV-negative tumours in experimental animal models, and in human HNC where they have been linked to poor prognosis, (Trellakis et al., 2011b, He et al., 2014, Dumitru et al., 2013a, Alves et al., 2017). This may be due to the actions of tumour-derived IL-1β on stromal tonsillar fibroblasts, as evidenced in this study.
Our investigations were extended in this chapter to involve other NTF batches (NTF01, NTF319, and NTF322) from other donors, in order to show that the Anakinra effects were not involved with just one single donor (NTF06). In general, despite some variability, the data succeed to display a similar trend. The dose 10 µg/ml of Anakinra was chosen as a best representative concentration from the previous findings with NTF06 cells. 

However, our in vitro selected dose could be criticized as ten-fold the recommended does in rheumatoid arthritis. Nevertheless, the dose-regulations must be based on clinical response, which could be individualized with each patient.  Furthermore, the European Medicines Agency in annex I concerning the Anakinra drug mentioned in clinical trial with 1015 patients no dose-limiting toxic effects were observed with up to 2 mg/kg/hour i.e. ~ 35-folds the recommended dose over three days period (Dinarello, 2018).

There were a number of limiting factors in this chapter that must be taken into consideration. Firstly, this study investigated in vitro the effects of only one HPV-negative SCC89 cell line on NTF, more cell lines or even cells from primary tumours are highly recommended for further confirmations. The side effects of Anakinra associated with the OPCs cannot be evaluated by in vitro, in particular the long-term idiosyncratic effects. The main scope of this chapter was related to the immune reactions, other biological factors were not quantified such as expression of  vascular endothelial growth factor (VEGF), that many publications reported where Anakinra has a dramatic reduction in addition to the effects of this drug on the bone markers that by extension could prevent HNCs metastasis. 
The findings of this chapter could be summarized as follows; that the HPV-negative cancer cells communicate with the stromal NTFs and this communication is mediated by an induced IL-1/IL-1R signalling mechanism. Furthermore, pre-incubation of NTF with Anakinra caused a significant reduction in the secretion of chemokines, in particular CXCL8 and CCL2. These findings shed light on the established role of IL-1/IL-1R axis and Anakinra antagonism effects on stimulated-NTF and their potential role in leukocyte-recruitment, since altering the chemokine secretions to the baseline level will lead to decrease the infiltrated-leukocytes by extension; this could provide potential rewarding approach for HNCs immune therapeutic modalities. 
One main disadvantage with the experiments in this chapter is that they are performed in a 2D environment and that the OPC cells and NTF are distinctly separated. In the next chapter, further explorations concerning the effects of Anakinra in more anatomically representative 3D-model in both HPV-positive and HPV-negative tumour cells co-cultured with NTF will be used. In addition to, look at the effects of Anakinra on levels of chemokines and leukocyte recruitment. 














[bookmark: _Toc521061343]Chapter six: Use of a 3-dimensional tumour/stromal model to examine leukocyte recruitment in HPV-positive and HPV-negative OPC. 
6.1. [bookmark: _Toc521061344]Introduction 
OPC now represents one of the  most common malignancies encountered within the head and neck regions and rising to an alarming rates within the last decades (Kumar et al., 2016, Seminerio et al., 2018), and has grown to be a significant public health concern according to the recent surge of disease (Marur et al., 2010a, Näsman et al., 2009). A recently published UK-based study suggested that there is an equivalent increase in both HPV-positive and HPV-negative incidence in OPC (Schache et al., 2016). Efforts have been invested in fashioning therapeutic strategies towards HPV-positive OPC due to their better prognostic outcome and comparisons of the biological aspects of the tumour microenvironment in HPV-positive and HPV-negative OPC may aid development of future therapies (Bolt et al., 2017a). It is widely accepted that the malignant characteristics of cancer cells cannot be revealed without the crucial interplay with their local environment (Sounni and Noel, 2013, Hunter and Yeoman, 2013). Principally, cancer cells are neighboured by heterogeneous stromal cells such as fibroblasts and leukocytes that constitute the tumour microenvironment (Alonso-Nocelo et al., 2016) and it is a combination of all these cells as well as matrix that drive tumour progression.
Tumours develop in a three-dimensional (3D) special configuration where cells are in either close or intimate contact with each other or the extracellular matrix and where environmental gradients of molecules, pH or oxygen are crucially important biological parameters. Traditionally, laboratory experiments have been performed in cells grown on 2D surfaces as monolayer cultures and much important data and scientific breakthroughs have been generated using these simple techniques. However, 2D cultures have inherent restraints such as the lack of spatial context between cells, matrix and biological gradients which led to the development of 3D cell co-culture models (Alonso-Nocelo et al., 2016, Hunter et al., 2005). 
3D culture can facilitate modelling the different cellular types and heterogeneities detected in vivo. Multi-cellular spheroids generated from cancer cell lines imitate the tumour architecture of non-vasculararised in vivo tumours and importantly contain biological gradients found in tumours that are absent in 2D culture (Desoize and Jardillier, 2000, Casey et al., 2001). 
Experiments so far in this thesis have focussed on 2D culture of cells, whereby the conditioned medium from 2D cultured OPC cells is isolated and then placed onto 2D cultured NTF to mimic cross-talk between cells. In the tumour microenvironment cancer cells are in close proximity to fibroblasts that are within the tumour stroma and cell-to-cell communication by releasing of paracrine factors occurs over short distances. 3D tumour model systems containing tumour spheroids with a fibroblast-populated matrix have been previously used to mimic the tumour in vitro, (Amann et al., 2014), but not as yet for HPV-negative and HPV-positive tumours with NTF in addition to leukocytes infiltrations. 
The main purpose of this chapter was to compare between HPV-positive and HPV-negative tumours and their interaction with NTF with regards to chemokine expression, leukocyte recruitment capacity and drug delivery (Anakinra) in a more realistic 3D hydrogel model system.

6.2. [bookmark: _Toc521061345]Aims 
1- To develop a reproducible 3D-model system that biologically mimics the conditions of OPC found in vivo by co-culturing either HPV-positive or HPV-negative multi-cellular tumour spheroids with NTFs within a type I collagen-based matrix. 
2- To measure the associated chemokine secretion in both HPV-positive and HPV-negative 3D OPC models, to assess if data observed in 2D-models (chapters 4 and 5) are replicated in 3D-models that more accurately reflect the tumour microenvironment. 
3- To measure the leukocyte recruitment capacities of both HPV-positive and HPV-negative 3D OPC models, in the absence or presence of the IL-1R antagonist (Anakinra).
4- To determine if leukocyte recruitment in the 3D-model mimics those observed in vivo for OPC tumours (chapter 3) and if blockade of the IL-1/IL-1R axis can prevent leukocyte recruitment.





6.3. [bookmark: _Toc521061346]Methods
The process to generate 3D OPC model included three main steps: generation of multi-cellular tumour spheroids for HPV-positive and HPV-negative OPC cells, incorporation of these into a type 1 collagen matrix embedded with NTF and, finally, addition of freshly isolated human leukocytes after 24 hours. The multi-cellular tumour spheroids of both SCC90 HPV-positive and FaDu HPV-negative tumour cells were generated by an agarose over-lay technique as described on section 2.2.11.1. The cancer cell lines chosen were selected from the panel of cell lines cultured in 2D in previous experiments and their ability to form spheroids. The spheroids were grown in 96-well plates coated with agarose in the recommended culture media for 3 and 4 days after optimizing the seeding number and then underwent analyses for characteristic in vivo features such as morphology, central area of necrosis and viable rim. Rat-tail collagen type I was produced as described in section 2.2.11.2 and represented the extracellular stromal matrix (ECM). The viability of the 3D-model was determined by measuring cell metabolism using ‘PrestoBlue’ as described in section 2.2.11.5. 
Following leukocyte infiltration into the 3D tumour models, immunohistochemistry (IHC) for the CD66b (neutrophils), CD68 (macrophages) and CD3 (T-lymphocytes) was performed as described in section 2.2.5. Chemokine secretion of CXCL8, CCL2 and CCL5 from the 3D-model was examined in the serum-free culture medium surrounding the model. In some experiments the 3D-models were pre-incubated in the absence or presence of the IL-1R antagonist (Anakinra). Chemokines were quantified using an ELISA as described in section 2.2.11.6., and 2.2.4.2. Leukocytes were isolated from the peripheral venous blood of healthy individuals and fluorescently labelled before adding to HPV-positive or HPV-negative 3D-models either with or without Anakinra as mentioned in section 2.2.11.7. Flow cytometry was used to quantify the numbers of infiltrated fluorescently-labelled leukocytes into the 3D- model as described in section 2.2.11.8.





6.4. [bookmark: _Toc521061347]Results 
6.4.1. [bookmark: _Toc521061348]Generation of HPV-positive and HPV-negative multi-cellular tumour spheroids. 
Although several types of tumour spheroids from other cancers have been generated, there are limited publications for HNC tumour spheroids. All six OPC cell lines were cultured using the liquid overlay technique. FaDu cells have previously been shown to generate spheroids using this technique and it was no surprise that these cells formed well-defined spheroids (Colley et al., 2011). The HPV-positive cell line also produced well-defined spheroids, for the first time that this has been reported. However, the other OPC cell lines produced cell aggregations only. Figure 6.1 demonstrates the spheroid morphology generated from both SCC90 and FaDu cells, utilizing the 96-well plate agarose overlay technique. Both SCC90 and FaDu were taken forward for the development of the 3D-model.

[image: ]
Figure 6.1. Morphology of SCC90 HPV-positive and FaDu HPV-negative multi-cellular tumour spheroids. Cells were trypsinised and seeded onto agarose-coated 96-well plates, to generate spheroids using the liquid overlay technique. After three days spheroids were visualised by light microscopy and images taken using Axiovision software. Scale bar is 100 µm. 
Initially, the optimal seeding density was determined by plating 5,000, 10,000 or 15,000 cells from either cell line onto agarose coated wells and spheroid size and morphology examined over time. Upon assessment of the microscopic morphology, spheroids with 10,000 cells were chosen since spheroids generated with 5,000 cells produced spheroids that were very small while at 15,000 the spheroids were very large and developing areas of necrosis (figure 6.2).
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Figure 6.2. Light microscopy images showing cell numbers optimization of HPV-positive SCC90 and HPV-negative OPC spheroids. (A-C) Light microscopic images for HPV-positive SCC90 cells spheroids with cell densities 5,000, 10,000, and 15,000 cells per well. The images from (D-F) show HPV-negative FaDu cancer cells forming spheroids with cell densities 5,000, 10,000, and 15,000 per well. The tumour cells were seeded in concave-shaped and non-adherent agarose to prevent cells attachment to the tissue culture plastic. Cells were cultured using the overlay technique for three days. The spheroids were visualised in 96-well plates under light microscopy using Axiovision software. Scale bar is 100 μm.

HPV-positive SCC90 spheroids were smaller and less tightly arranged than HPV-negative FaDu spheroids. Subsequent experiments were performed to select the best time (three or four days culture), before spheroid were added to the NTF-populated collagen matrix. The desired spheroid consistency was the formation of a well-defined spheroid with a small hypoxic/necrotic centre, so that the spheroid would remain intact in a defined shape for the remainder of the experiment (i.e. following addition to the NTF populated matrix and further culture with leukocytes). Figure 6.3 shows spheroid development from 24-96 hours. After 24 hours, the HPV-positive SCC90 cells started to adhere to one another and aggregate in the centre of the agarose-coated well. This clumping continued and developed into a characteristic spherical shape after 48 hours. In contrast, HPV-negative FaDu cells produced spheroid morphology very quickly after the initial seeding time (figure 6.3 E-H). This difference could be related to the differences in adhesion molecule expression such as E-cadherin levels (Schmidt et al., 2016). 
Over the next 72 hours the spheroids developed for both HPV-positive and HPV-negative cancer cells. In each case the spheroids became tight, compact and indestructible by pipetting with a uniform appearance and gradual size increase reaching an average diameter of 413 ± 11.35 μm for SCC90 spheroids and 576 ± 44.9 μm for FaDu spheroids. At the border of each spheroid some unattached cells can be seen. The spheroids continued to grow in size over the next 24 hours (96 hours overall) of culture. At the later time points a darker area could be seen in the centre of the growing spheroids particularly when the diameter was above 200 µm constituting a necrotic centre that was more evident following histological staining and analysis than by light microscopy (figure 6.4). For this reason, spheroids were co-cultured with NTF06 with both three or four day-old spheroids in order to pick the suitable time point. 
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Figure 6.3. Light microscopy images showing HPV-positive and HPV-negative cancer cells grow as multi-cellular tumour spheroids using the agarose-coated overlay culture technique. (A-D) Light microscopy images for HPV-positive SCC90 spheroid formation, from 24-96 hours after seeding. The images from (E-H) show HPV-negative FaDu spheroids from 24-96 hours after seeding. The initial seeding densities were 10,000 cells/well. The multi-cellular spheroids exhibited darker necrotic cores after 72 hours for SCC90 and FaDu spheroids. The spheroids were visualised in 96-well plates under light microscopy using Axiovision software. Scale bar is 100 μm.

NTFs and spheroids from both HPV-positive SCC90 and HPV-negative FaDu were co-cultured in an independent model for each type and their numbers were optimized according to the 2D-model work presented in chapter 4. For example, in the 2D-monolayer culture work cancer cells were used at ~ 1x107  to ~ 3x106 NTF; a ratio 3:1. In the 3D-model the same ratio was kept by using ~ 6x105 cancer cells (60 spheroids per 3D-model as each individual spheroid is 10.000 cells) to ~ 2x105 of fibroblasts (NTF). 
Upon histological analysis, the necrotic centre of the spheroids for both SCC90 and FaDu was noticed from 72 hours (figure 6.4 C-D and G-H) for SCC90 and FaDu co-cultured with NTF06. The H&E stained 3D-model sections demonstrated an evenly distributed fibroblast-populated matrix and tumour spheroids with a big increase in the necrotic area of these at 96 hours and this was associated with a corresponding shrinkage of the outer proliferating viable rim, which may result in fragile spheroids that may eventually rapture within the co-culture 3D-model (figure 6.4). Since an additional two days further culture is required in order for the collagen-embedded NTF to interact with the spheroids, 96 hour-old spheroids were considered inappropriate for further use. For these reasons, 72-hour spheroids were chosen for further co-culture with NTF.
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Figure 6.4. Histological sections showing the morphological characteristics of multi-cellular tumour spheroids co-cultured with NTFs. The sections are formalin-fixed paraffin wax-embedding at different magnifications from top descending to down 10x, 20x, and 40x to examine the necrotic cores commonly observed in OPC in vivo. (A-B) showing NTF06 cultured alone in collagen. (C-D) (3 days) of HPV-positive multi-cellular SCC90 spheroids cultured with NTF06 (E-F) (4 days). The images (G-H) (3 days) HPV-negative multi-cellular FaDu spheroids co-cultured with NTF06. The suitable necrotic core at day three is better than the four day-old spheroids, which develop into larger area later on as in (I-J) (4 days). Scale bars are 100 µm, 200 µm and 300 µm from top images descending down.

To validate the co-cultured 3D-model, sections were compared with in vivo human OPC tumours as shown in figure 6.5. The existence of tumour islands and within these a central necrotic region was observed in both 3D-model and in vivo tumour.  
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Figure 6.5.  Comparison of 3D-model to an in vivo human tumour section. (A) in vitro 3D-model section, (B) in vivo tumour section. The biopsy section was kindly provided by Prof. Keith D. Hunter. Scale bar = 50 µM.
6.4.2. [bookmark: _Toc521061349]Analysis of cell viability of HPV-positive and HPV-negative co-culture 3D-models. 
It was important to determine if NTFs and spheroids were viable within the collagen matrix, either alone or in combination. Cell viability was detected using ‘PrestoBlue’ reagent, a fast and sensitive non-destructive assay that detects cell metabolism. Each individual cell component of the 3D-model was embedded in collagen in separate wells of a 48-well plate, and SCC90 and FaDu spheroids were co-cultured with NTF06. Collagen-embedded 3D-model components were compared with collagen only as control (-ve Ctrl). Fluorescence readings were acquired after two hours of incubation.
The assay revealed that all cell components remained viable after 48 hours of embedding within collagen (i.e. day 5 for spheroids). The mean fluorescence readings for NTF06 alone (mean 2358 ± 82.4) was increased compared to collagen alone showing a viable cells content (figure 6.6). Similarly, SCC90 (2183 ± 253.4) and FaDu (3702 ± 737.1) multi-cellular spheroids alone also showed an increase in metabolism indicating that cells were metabolically active and therefore viable compared to collagen alone. Interestingly, SCC90 spheroids when co-cultured with NTF06 showed increase in metabolism with mean (3489 ± 267.3) although was statistically non-significant (p< 0.2) compared to NTF06 alone. The HPV-negative FaDu co-cultured with NTF06s were statistically significantly different (p<0.0001) when compared to NTF06 alone (7816 ± 433.3). It was noticed that the HPV-positive SCC90 co-cultured with NTF06 showed significantly (p <0.0001) lower metabolism in comparison with HPV-negative FaDu co-cultured with NTF06. These data showed that the greater the cell number content in the collagen the higher the fluorescence reading suggesting viability. The increased value for FaDu over SCC90 could be due to higher metabolism by these cells or greater proliferation rates.
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[bookmark: OLE_LINK9]Figure 6.6. Viability of HPV-positive or HPV-negative 3D-models and their components. Cellular viability after 2 days of embedding into collagen-based 3D-model for NTF (NTF06), SCC90 tumour spheroids, NTF06 embedded with SCC90, FaDu spheroids and NTF06 embedded with FaDu spheroids. The control (-ve Ctrl) was collagen only. The NTF numbers were 2 x 105 and 60 spheroids (i.e. 6 x 105 cells), the 3D-models compartments were all incubated for two hours with the ‘PrestoBlue’ reagent and fluorescence units measured. Data are presented as mean ± SD statistical analysis achieved using a one-way independent ANOVA with Tukey’s post-hoc multiple comparison tests. (****p<0.0001).
6.4.3. [bookmark: _Toc521061350]Leukocyte chemoattractant secretions by HPV-positive and HPV-negative co-culture 3D-model.
Similar to 2D-models, chemokine secretion (CXCL8, CCL2 and CCL5) in the 3D OPC was quantified using ELISA for both HPV-positive and HPV-negative tumour spheroids embedded within a NTF-populated matrix. Tumour spheroids and NTFs were allowed to interact with each other for 24 hours, then, serum-free medium were added to the models and cultured for a further 24 hours. The resulting conditioned media was then collected and analysed. In some experiments the tumour models were incubated with serum-free media in the presence or absence of the IL-1R antagonist (Anakinra), and the levels of chemokines measured, as had been performed on 2D-models in chapters four and five.
Experiments were performed to examine if the stromal interactions and chemokine secretion observed in 2D-models, could be replicated in a 3D-model containing NTFs and OPC cells in contact with one another, as would be the case in an in vivo tumour. 
CXCL8 secretion by NTF06 alone within a collagen gel was 110.4 ± 3.1 pg/ml, HPV-positive SCC90 spheroids alone expressed 88.4 ± 4.2 pg/ml. This level was increased when SCC90 spheroids were co-cultured with NTF06 to 3516.0 ± 561.9 pg/ml, although this failed to achieve statistical significance (p=0.055) compared to SCC90 spheroids alone. HPV-negative FaDu spheroids alone in collagen expressed 5281.0 ± 239.5 pg/ml and these levels were significantly increased when these spheroids were co-cultured with NTF06, expressing 39111.0 ± 1771.0 pg/ml (p<0.0001) in comparison to NTF06 alone, FaDu alone and SCC90/NTF co-cultures (figure 6.7 A). 
Similar data was found when analysing secretion of CCL2 although CCL2 was secreted at lower levels than CXCL8. NTF06 alone produced 194.7 ± 5.9 pg/ml CCL2, HPV-positive SCC90 spheroids alone secreted slightly less at 139.2 ± 11.16 pg/ml CCL2 and this was increased when SCC90 spheroids were co-cultured with NTF06 to 281.2 ± 14.6 pg/ml. In contrast, FaDu HPV-negative spheroids alone secreted 1150 ± 37.19 pg/ml whilst FaDu spheroids co-cultured with NTF06 secreted significantly (p<0.001) more CCL2 3931.0 ± 283.2 pg/ml compared to NTF06 alone, SCC90 alone, SCC90+NTF and FaDu alone (figure 6.7 B) 
The pattern of CCL5 production followed a similar trend to CXCL8 and CCL2. NTF06 alone was 61.9 ± 1.5 pg/ml, HPV-positive SCC90 spheroids alone secreted 131.0 ± 0.9 pg/ml and SCC90 spheroids co-cultured with the NTF06 was only slightly increased to 136.3 ± 0.70 pg/ml (p= 0.939). In contrast, HPV-negative FaDu spheroids alone expressed 2376 ± 85.48 pg/ml and this was significant increased further upon co-culture NTF06 at 3258 ± 129.3 pg/ml (p<0.0001) in comparison to NTF06 alone, and FaDu alone. CCL5 released by FaDu spheroids co-cultured with NTF was significantly more than for SCC90 spheroids co-cultured with NTF (p<0.0001) (figure 6.7 C). 
These data show remarkable comparison to data observed in the 2D-models in the previous chapters and suggest that HPV-negative OPC cells within the 3D-model can activate NTF by paracrine signalling within the matrix. 
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Figure 6.7. HPV-negative co-culture 3D-models express more chemokines than HPV-positive. The 3D-model of HPV-positive/-negative co-cultured with fibroblasts (NTF06) for 24 hours to interact with each other and then in the next 24 conditioned media collected and chemokines quantified by ELISA. (A) CXCL8 expression (B) CCL2 expression, and (C) CCL5 expressions. The 3D-model of HPV-positive/-negative co-culture compared with fibroblasts embedded alone (NTF06) as control. The statistical analyses were achieved using a one-way independent ANOVA with Tukey’s post-hoc multiple comparison test. 
6.4.4. [bookmark: _Toc521061351]Leukocyte chemoattractant secretion by HPV-positive and HPV-negative is co-inhibited by Anakinra.
In chapter five Anakinra was used to block the interactions of IL-1 secreted by OPC cells with IL-1R expressed by NTF to reduce chemokine secretion by the fibroblasts in a 2D-model where the cells were cultured separately. Next, Anakinra inhibition experiments were performed in the 3D tumour/stroma models to test if this inhibition could be achieved when the cells were in close contact within the same 3D-model that mimics the tumour microenvironment in vivo. 3D-models containing either SCC90 or FaDu spheroid co-cultured with NTF were pre-incubated with 1µg/ml or 10µg/ml concentrations of Anakinra and chemokines CXCL8, CCL2 and CCL5 measured in the supernatant after 24 hours culture.  
Once again the FaDu spheroid NTF co-cultures produced a significant increase in the levels of all 3 chemokines tested (33187 ± 5486 pg/ml CXCL8, 5230 ± 710.7 pg/ml CCL2, and 2206 ± 163.4 pg/ml CCL5) compared to SCC90/NTF co-cultures (3731 ± 534.6 pg/ml CXCL8, 513.9 ± 29.64 pg/ml CCL2, and 54.53 ± 6.9 pg/ml CCL5) (figure 6.8). 
Pre-incubation with 1 µg/ml concentration of Anakinra produced a dramatic reduction of chemokine secretion for CXCL8 and CCL2 but not for CCL5 for FaDu spheroids co-cultured with NTF. Indeed, secretion of CXCL8 was reduced from 62479 ± 3165 pg/ml to 3346 ± 294.9 pg/ml upon Anakinra treatment (p<0.0001) and CCL2 was reduced from 1888 ± 356.9 pg/ml to 293.1 ± 3.78 pg/ml upon Anakinra treatment (p<0.0001). Interestingly, secretion of CCL5 by FaDu spheroid NTF co-cultures was not significantly reduced and levels remained elevated at this concentration of Anakinra. In contrast, secretion by SCC90 spheroids co-cultured with NTF was also reduced for each of the chemokines tested but this did not reach statistical significance (figure 6.8 A-C). 
Results generated using 10 µg/ml pre-incubation concentrations of Anakinra showed very similar data to inhibition with 1 µg/ml Anakinra. Once again levels of CXCL8 and CCL2 were dramatically decreased when FaDu spheroids/NTF co-cultures were pre-incubated with Anakinra. Here, secretion of CXCL8 was reduced from 33187 ± 5486 pg/ml to 1486 ± 505.6 pg/ml (p<0.0001) and CCL2 was reduced from 5230 ± 710.7 pg/ml to 152.6 ± 11.66 pg/ml upon Anakinra treatment (p<0.0001). In contrast to treatment with 1 µg/ml, treatment with 10 µg/ml Anakinra significantly (p<0.0001) inhibited secretion of CCL5 into the conditioned medium of the FaDu/NTF co-culture model reduced from 2206 ± 163.4 pg/ml to 40.41 ± 12.49 pg/ml. This is suggesting that lower concentrations of Anakinra are required to block secretion of CXCL8 and CCL2 than CCL5. Once again, chemokine secretion by SCC90 spheroids co-cultured with NTF was also reduced but this did not reach statistical significance (figure 6.8 D-E).  
Taken together, these data show that the same trend observed in the 2D-model culture experiments where cells were cultured independently from one another were replicated in 3D-models where tumour spheroids and NTFs were able to directly contact each other through paracrine activity. In addition, pre-incubation with Anakinra dramatically and significantly decreased chemokine secretion, particularly at 10µg/ml, showing that the IL-1/IL-1R axis can be blocked both in 2D and in 3D in vitro models. 
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Figure 6.8. Anakinra decreases the additional chemokines secreted by HPV-positive, and HPV-negative co-culture 3D-models. The 3D-model of HPV-positive/-negative co-cultured with fibroblasts for 24 hours to interact with each other and then in the next 24 conditioned media collected and chemokines quantified by ELISA with/out pre-incubation of either 1 µg/ml Anakinra. (A) CXCL8 expression (B) CCL2 expression (C) CCL5 expressions; or 10 µg/ml Anakinra (D) CXCL8 expression (E) CCL2 expression and (F) CCL5 expressions. The 3D-model that pre-incubated with Anakinra compared to that 3D-model of HPV-positive/-negative co-cultured with fibroblasts. The statistical analyses were achieved using a one-way independent ANOVA with Tukey’s post-hoc multiple comparison test.


 


6.4.5. [bookmark: _Toc521061352]Infiltration of leukocytes subsets into the 3D OPC model.  
Data thus far has shown that interaction of OPC cells, in particular HPV-negative cells with NTFs in both 2D and 3D in vitro models induce secretion of chemokines. To test if these chemokines can recruit leukocytes in a 3D-model, whole leukocytes isolated from peripheral venous blood were added on the top of the collagen gel for both HPV-positive and HPV-negative co-culture models and the presence of different leukocyte sub-populations in the gel assessed. In these experiments 3D-models were incubated for 24 hours to allow the spheroids and NTFs to interact with one other. The following day, isolated leukocytes were incubated with the 3D-model for a further 24 hours. Then, models were fixed, snap-frozen, embedded in OCT, sectioned and immunostained with antibodies directed against CD66b (neutrophils), CD68 (macrophages) and CD3 (pan T cells) to assess absence or presence of these leukocytes subsets. IgG staining was used as a negative control. 
Assessment of sections of the 3D-models by light microscopy showed the presence of immuno-positive staining for CD66b+, CD68+ and CD3+ (figure 6.9) suggesting that all three different leukocyte subsets were able to migrate into the collagen matrix in the in vitro 3D-models containing OPC spheroids and NTFs. These data replicate those found in vivo in chapter three when sections of human tumours were immunostained for leukocyte sub-populations confirming that the 3D-models contain key features present in the tumour microenvironment. However, using this immunostaining approach it is not possible to readily quantify differences between leukocytes infiltrating into HPV-positive compared to HPV-negative OPC models. Therefore, flow cytometric analysis of disaggregated 3D-models was performed to obtain leukocytes densities within the models.
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Figure 6.9. Immunohistochemistry staining of CD66b, CD68 and CD3 antibodies expressions in 3D-model HPV-positive/-negative HNCs. The 3D-models for HPV-positive/-negative co-cultured with fibroblasts incubated with leukocytes for 24 hours, then fixed and stained for immunohistochemistry characterizations of the main leukocytes subsets detections (A) CD66b+ (neutrophils) (B) CD68+ (macrophages) (C) CD3+ (T cells) and (D) IgG staining negative control. The red arrows are referring to the detected cells (+). The scale bars are 100µm, 200µm and 300µm from top images descending down............................................................................................................
6.4.6. [bookmark: _Toc521061353]HPV-negative OPCs attract more leukocytes than HPV-positive OPC in co-culture models.
Initially, collagen gels were made with the conditioned medium generated from NTF stimulated with either the medium from HPV-positive or HPV-negative OPC cell lines in the 2D co-culture system in order to test their capabilities for leukocyte recruitment. Peripheral blood leukocytes were isolated, labelled with cell tracker and added to collagen gels made from the conditioned medium from NTF06 stimulated with SCC90 (HPV-positive) or FaDu (HPV-negative). Control gels were made from serum-free medium alone. Gels were incubated for 24 hours, after which the gels were washed to remove non-migrated leukocytes; gels enzymatically dispersed using collagenase and the number of liberated leukocytes measured by flow cytometry. Data presented in figure 6.10 shows that leukocytes can migrate into collagen gels containing no chemoattractant but only in low numbers. 
In contrast, markedly more leukocytes were recruited to the collagen gels made from NTF stimulated with HPV-negative OPC conditioned medium than from those made from HPV-positive OPC conditioned medium. The dot plots shown in (figure 6.10 C-E) also reveal that three distinct leukocyte populations can be observed in each of the tests, most likely representing neutrophils, monocytes and lymphocytes according to their size and granularity, although specific immunostaining of these cells was not performed. Experiments were carried out using leukocytes isolated from 3 different volunteers. The blood from each volunteer contained different amount of leukocytes and most likely different amounts of leukocyte sub-populations (Mohammed and Hassan, Zandecki et al., 2007). Moreover, the chemotactic capacity of leukocytes towards chemokines varies amongst individuals. Therefore, the variability within the experimental repeats reflects the genetic individuality from each of the volunteers making the data difficult to normalise and statistically analyse. 
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Figure 6.10. The conditioned medium from HPV-negative OPC stimulated-NTF attracts more leukocytes than conditioned medium from HPV-positive OPC stimulated-NTF in collagen model. Far-red fluorescently labelled leukocytes were incubated for 24 hours with collagen gels made from conditioned medium from HPV-negative or HPV-positive OPC stimulated NTF or serum-free medium alone. The number of leukocytes collected in 30 seconds by flow cytometry were assessed (A) Table shows the number of infiltrated leukocytes within each collagen gel from 3 different volunteer donors (V) (B) Whisker plots showing the distribution and number of leukocytes infiltrating the collagen gels. There is an increase in the number of leukocytes recruited to gels made from the conditioned medium of NTF following stimulation with HPV-negative compared to HPV-positive OPC (C-E) Dot plots from one representative experiment showing gating around the fluorescently labelled leukocytes for (C) Collagen only (control),(D) Collagen from the conditioned medium of NTF following stimulation with HPV-positive SCC90 OPC cells (E) Collagen from the conditioned medium of NTF following stimulation with HPV-negative FaDu OPC cells. The number of leukocytes was calculated according to the dots in the gated area. Data is median and range that representative of n=3 independent experiment. Abbreviations CM= conditioned media, WBC= white blood cells, V = Volunteer.

Next, leukocytes from fresh venous blood were isolated from peripheral blood and levels of leukocyte recruitment were assessed in both HPV-positive and HPV-negative OPC co-culture 3D-models by flow cytometric analysis. Fluorescently labelled (far-red) leukocytes were incubated with the 3D-model containing the multi-cellular spheroids co-cultured with NTF06 within the collagen. Control was collagen alone. Far-red labelled leukocytes were used to distinguish them from unlabelled OPC cells and NTFs. In addition, far-red was also compatible with use of collagen as this molecule has high background fluorescence in the green (488 nm) channel. In addition, some multi-cellular spheroids co-cultured with NTF06 were pre-incubated with Anakinra (either 1 or 10 µg/ml, (Holen et al., 2016)) to see if inhibiting the IL-1/IL-1R axis and therefore disruption of chemokine release could reduce leukocyte recruitment.  
Data presented in figure 6.11 shows that for each of the donors tested there was increased recruitment of leukocytes toward HPV-negative/NTF co-culture 3D-models than for HPV-positive/NTF co-culture 3D-models. Moreover, pre-incubation with 10µg/ml concentrations of Anakinra markedly decreased the number of leukocytes infiltrating the collagen gels for both HPV-negative and HPV-positive NTF co-culture 3D-models. Interestingly, although leukocytes recruitment levels were much reduced upon treatment with Anakinra they were not totally abrogated and levels were still above those of the collagen only controls (figure 6.11).
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Figure 6.11. HPV-positive and HPV-negative leukocyte attraction in 3D-model co-cultured with fibroblasts in the absence or presence of 10µg/ml Anakinra. Leukocytes were incubated for 24 hours within the media of the 3D-model co-culture. (A) Table shows the numbers of the infiltrated leukocytes within the collagen gel for all tests examined (B) Whisker plots showing leukocyte numbers in the 3D-models by flow cytometric analysis. (C-G) Dots plots from one representative experiment showing gated fluorescently labelled leukocytes (C) Collagen only (control) (D) HPV-positive SCC90 co-culture 3D-model (E) HPV-positive SCC90 co-culture 3D-model pre-incubated with 10µg/ml Anakinra (F) HPV-negative FaDu co-culture 3D-model (G) HPV-negative FaDu co-culture 3D-model pre-incubated with 10µg/ml Anakinra. The numbers of leukocytes were measured according to the dots in the gated area after 30 seconds acquisition on the flow cytometer. Data is median and range that representative of n=3 independent experiment. Abbreviations CM= conditioned media, WBC= white blood cells, V = Volunteer, Ana = Anakinra.
Next, pre-incubation with Anakinra was used at a lower dose (1 µg/ml) since this dose of Anakinra may mimic that given in the clinic for other disease states (Holen et al., 2016). For this reason, OPC spheroids were incubated with Anakinra during a medium change and the 3D-model in the following 2 days; this might lead to better reduction in the leukocytes (total 3 days).  The findings were similar to those for use of 10µg/ml concentrations of Anakinra (figure 6.11). Once again, increased leukocyte recruitment was observed for HPV-negative NTF models compared to HPV-positive NTF models for each volunteer studied. 
Moreover, Anakinra at 1 µg/ml concentration reduced the numbers of leukocytes recruited for both HPV-positive and HPV-negative NTF co-culture models although it appears that the HPV-negative NTF co-culture models are more markedly affected by Anakinra treatment (figure 6.12). Even so, pre-treatment with Anakinra, even in this treatment regime, did not completely reduce leukocyte recruitment. 
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Figure 6.12. HPV-positive and HPV-negative leukocyte attraction in 3D-model co-culture models in the presence or absence of 1µg/ml Anakinra. Leukocytes were incubated for 24 hours within the media of the 3D-model co-culture. (A) Table shows the numbers of the infiltrated leukocytes within the collagen gel for all tests examined (B) Whisker plots showing leukocyte numbers in the 3D-models by flow cytometric analysis. (C-G) Dots plots from one representative experiment showing gated fluorescently labelled leukocytes (C) Collagen only (control) (D) HPV-positive SCC90 co-culture 3D-model (E) HPV-positive SCC90 co-culture 3D-model pre-incubated with 1µg/ml Anakinra (F) HPV-negative FaDu co-culture 3D-model (G) HPV-negative FaDu co-culture 3D-model pre-incubated with 1µg/ml Anakinra. The numbers of leukocytes were measured according to the dots in the gated area after 30 seconds acquisition on the flow cytometer. Data is median and range that representative of n=3 independent experiment. Abbreviations CM= conditioned media, WBC= white blood cells, V = Volunteer, Ana = Anakinra.

In summary, 3D-models of the OPC tumour microenvironment were successfully developed. Similar to the 2D-models, 3D-model analysis showed that HPV-negative OPC 3D-models secreted significantly more chemokines (CXCL8, CCL2 and CCL5) than HPV-positive OPC 3D-models. Moreover, inhibition of the IL-1/IL-1R axis by Anakinra almost entirely abrogated the secretion of CXCL8, CLL2 and CCL5 (albeit at higher Anakinra concentrations) that in turn markedly reduced leukocyte recruitment in these models. These data suggest that disruption of the IL-1/IL1R paracrine signalling system is possible in the tumour microenvironment and that this, in turn, can modulate the levels of leukocyte burden within these models. 
















6.5. [bookmark: _Toc521061354]Discussion
Worldwide, cancer is one of the primary sources of mortality. Many cancers are in decline or have improved treatments whereas OPC, in particular HPV-driven OPC is rapidly increasing (Motz et al., 2017, Chaturvedi et al., 2011). Studies show that the tumour microenvironment is important in tumour progression. As part of this the inflammatory response, leukocyte levels and type of leukocyte within the tumour microenvironment may be influential. Experiments performed in 2D-model in the previous chapters showed that HPV-negative OPC cells secreted IL-1 that was able to stimulate chemokine secretion by NTF via IL-1R. In these experiments, culture medium secreted by OPC cells grown as a monolayer were placed onto NTF also grown as a monolayer, with the resulting NTF medium analysed for chemokine content. Traditional 2D monolayer culture for cancer studies has limitations in identifying real nature biology of cancer, despite its imperative role in the studies pertaining to this field. There is an increasing recognition that cells cultured as monolayers act very differently than those in a 3D environment. In the 2D experiments the OPC and NTF cells were cultured in isolation as well as in a monolayer format; a scenario that is far removed from cells in vivo.  
To mimic the in vivo situation, 3D-models of OPC were generated using tumour spheroids to mimic in vivo tumour islands/bodies within an NTF populated collagen matrix to mimic the tumour stroma. In this model the cells are spatially distributed in 3D, as they would be in tissue in vivo. They are also able to interact with the extracellular matrix and secrete factors that can find their way directly to recipient cells, facilitating paracrine and autocrine signalling mechanisms. 
The 3D OPC model provides a step forward for the assessments of cancer cell stromal interactions in tumour progression. It provides a chance to examine each contributing factor that might facilitate cells cross-talk and may also provide a useful means for development of future therapeutic modalities. For accurate modelling of OPC, it is essential to incorporate as many characteristics of the naturally occurring solid tumours as possible such as necrosis and hypoxia, intracellular connections, in addition to diffusion gradients for nutrition and waste products, none of which are represented in 2D culture models. 
Multi-cellular tumour spheroids have many different names including organoids, and tumouroids and the spheroid nomenclature is not consistent in the literature (Hirschhaeuser et al., 2010). Spheroids have strong intra-cellular junctions that may be attributed to E-Cadherin expression and this enables them to keep their integrity. Six OPC cancer cell lines were tested for spheroid generations, however only SCC90 (HPV-positive) and FaDu (HPV-negative) were able to generate spheroids from this panel using the agarose overlay technique. It is possible that spheroids could be produced from other cell lines using other techniques such as the hanging drop technique, although this was not attempted in this study.  
The FaDu HPV-negative cancer cell line is well known to generate spheroids and has been used previously to model head and neck cancer (Colley et al., 2014, Colley et al., 2011, Young et al., 2018a). However, to the best of our knowledge, this is the first study to use spheroids generated by SCC90 HPV-positive cancer cells. 
There are variable theories about the mechanism of spheroid formation. One theory postulates that formation is due to the effect of gravitational forces that result in cells clumping together (sedimentation) along with robust intra-cellular forces that may depend on E-Cadherin expression. A number of factors are important in spheroid generation such as initial seeding number, culture media and duration of suspension. In this study a seeding density of 10,000 for 24 hour was found sufficient and consistent with other findings (Friedrich et al., 2009, Vadivelu et al., 2015, Colley et al., 2011). Zhang et al. (2016) stated the low seeding numbers gave irregular shape spheroids in liquid overlay technique. 
Ivascu and Kubbies (2006) highlighted that the most important distinguishing features of solid tumours that can be represented in the 3D spheroid model are the proliferating viable rim of tumour cells and the central necrotic region. FaDu and SCC90 spheroids both displayed a thick epithelium and a necrotic core, characteristics that made them good candidates to symbolise these cancers. The proliferative cells on the tumour periphery in vivo are neighbouring to the blood supply facilitating them to get the required nutrition for proliferation, which are responsible for the growth of the tumour. While the central core of the tumours beyond a certain diameter develops into hypoxia, since the cells are far from the blood vessels resulting in poor oxygen diffusion for this area (Ljungkvist et al., 2000). The deepest cell populations in the central core of the spheroids (tumours) go through cell death because of the accumulated waste products with limited nutrition supply. Necrosis was observed after 72 hours in both SCC90 and FaDu spheroids. 
Hirschhaeuser et al. (2010) suggested that spheroids bigger than 500 μm in diameter, exhibit a necrotic centre. Conversely, SCC90 spheroids were revealing less than 500 μm diameter but still displayed areas of necrosis. This data is in the line with (Thomlinson and Gray, 1955), who reported that failure of delivery of nutrition supply and the required oxygen in further than the distance of 100-150 μm would develop necrosis. 3D embedded spheroid models are widely used in cancer investigations, but only limited use in HNC. 
The naturally occurring matrices protein such as collagen, laminin and hyaluronic acid are often used (Suri and Schmidt, 2010). Collagen type I was used in this project as it is abundant in the connective tissue ECM and can be utilized to form hydrogel in the 3D-model to mimic the in vivo ECM (Devarasetty et al., 2017). However, collagen was not without disadvantages. Magdeldin et al. (2014), stated in their study that collagen is over-hydrated and further reported that collagen surface needs modifications in order to improve cells distribution, migration and attachment. 
In a desire to improve the reproducibility, the cancer cells to NTFs ratio were optimized from the 2D-model in chapter four, since there is no specific in vivo ratio of tumour to stroma (Kim et al., 2015, Amann et al., 2014). The model generated in this study closely compared with its in vivo counterpart taking into consideration the tumour and stroma architecture. The histological analysis by H&E staining revealed that the multi-cellular spheroids maintain the tumour morphology and the fibroblasts (representing stroma) were uniformly distributed within the collagen hydrogel. In contrast, Magdeldin et al. (2014) reported cellular aggregations in the concentrated collagen matrix. This phenomenon might be due to long co-culturing in their models (14 days) with subsequent contraction. While, in the model used in this study, contraction was limited due to short co-culture time (2 days). 
 
The next essential investigated factor was the viability of cells within the collagen 3D-model. This study used ‘PrestoBlue’ to evaluate the viability which is a sensitive resazurin-based method (Boncler et al., 2014, Xu et al., 2015). The purpose of this assay was to provide insight about the cell viability when cells/spheroids were embedded independently and co-cultured after same time-point. There was a marked significant increase in vitality (metabolic activity) within the co-culture 3D-model. That might indicate the cellular interactions between cancer cells and fibroblasts increase the metabolic activity. This condition particularly noticed with the HPV-negative co-culture. It also might be attributed to the cumulative effects of both the cancer cells with the fibroblasts jointly as shown with the HPV-positive 3D-model construct that gave about two-fold values. Another explanation is that the cancer cells have a higher proliferation rate and nutritional demand than normal primary fibroblasts that can result in increased metabolic activities of the co-culture. 
These findings are consistent with many co-culture models indicating increased associated metabolic activity (Young et al., 2018b, Colley et al., 2011, Kim et al., 2014). In contrast different findings were observed from a study done on stroma-interactions with lung cancer cells investigated by (Amann et al., 2014), whom observed a decrease in viability through the course of co-culture within the collagen model. However, they reported the proliferation rate was increased by measuring Ki67 expression. 

Immunohistochemistry staining was performed with CD66b (neutrophils), CD68 (Macrophages) and CD3 (pan T cells) to validate our model by representing similarities with human cancer biopsy sections. These antibodies were chosen for IHC because of their common use and expressed solely by these aforementioned leukocytes (Gollapudi et al., 2013, Esendagli et al., 2008, Bramow et al., 2008). The IHC staining confirmed that infiltrated models possessed key features of immune cells including the presence of the CD66b+, CD68+ and CD3+ within 3D-model in both HPV-positive and HPV–negative OPC. However, most of the detected cells were towards the surface of the collagen matrix that might be attributed to our 24 hours incubation period with the whole leukocytes. In addition, the cell migration might be related to the collagen surface tension, density and mechanical stiffness as reported by (Cheema and Brown, 2013). However, these findings need further mechanical investigations, and our main purpose was to compare between the immune profiles of HPV-positive and HPV-negative OPC. The incubation time chosen (24 hour), was used because neutrophils have a short half-life (16-24 hours ex-vivo) prior to apoptosis (Mackey et al., 2003). Although, neutrophils may experience longer half-life within the tumour microenvironment.

The conditioned media from the 3D-model in FaDu HPV-negative co-cultured with NTF expressed abundant CXCL8 (mainly neutrophils), CCL2 (mainly macrophages), and CCL5 (mainly T cells) that was significantly higher than the SCC90 HPV-positive. These data suggested the HPV-negative tumours have higher capacities to recruit leukocytes than their HPV-positive counterparts or NTF alone. These results associated with chemokine expression might imply unfavourable prognosis by HPV-negative OPC since CXCL8 is responsible for angiogenesis and neutrophils attractions, while CCL2 in charge for metastases and monocyte recruitment and CCL5 accountable for pan T cells attraction, which acts in different pattern in the tumour microenvironment.  

Moreover, these data suggested that an active interaction (cross talk) between the NTFs and the tumour cells in vivo pointing to the crucial role of fibroblasts in the tumour microenvironment. These findings are supported by (Kim et al., 2015) concerning CXCL8 and CCL2 and (Stamati et al., 2014) with CCL5 who observed cancer-associated fibroblasts up-regulated chemokine expression in co-culture models. The peripheral serum concentration of CXCL8, CCL2, and CCL5 were detected to be higher with HNC patients than in healthy controls (Hoffmann et al., 2007, Chang et al., 2011, Huang et al., 1999). The levels of CXCL8, a neutrophil chemoattractant by the HPV-negative 3D-model were in parallel with the in vivo data (chapter three) which showed increased neutrophil infiltration into HPV-negative compared to HPV-positive OPC tumours. However, this was not evident with the CCL2 and CCL5 concerning macrophages and T cells chemoattractants respectively. Overall, the 3D-model findings were in similar pattern and reconfirmed the 2D-model (chapter four) data. Collectively our chemokines expressions findings in more applicable biological model were confirmatory that HPV-negative chemokines release higher than the HPV-positive and the critical role of fibroblasts co-cultured with cancer cells. The data warrant further investigation with other cell-lines to give the complete reciprocal milieu.

As mentioned in the chapter 5 up-regulation of chemokine expression by NTF when stimulated with cancer cells are mediated by IL-1/IL-1R axis. For this reason, it was postulated that blocking of pro-inflammatory IL-1 cytokine action with the clinically licensed receptor antagonist (Anakinra) would impede this up-regulations. Thus, the pharmacological efficacies of Anakinra were tested in the 3D-model at two concentrations 1 and 10 µg/ml. The CXCL8, CCL2, and CCL5 chemokines were clearly reduced with 10 µg/ml concentrations and were statistically significant with the FaDu, while at 1µg/ml revealed approximately similar trend, however less reduction in chemokine expression and mostly non-significant. The data presented here give a recommendation of the preferable concentrations (10 µg/ml) with precautions and suggest the concept of individualized treatment depending on each patient's serum chemokine expression. It was obviously noticed that SCC90 HPV-positive 3D-model with 1 µg/ml concentration was adequate to reduce the chemokines to the non-stimulated (baseline) level by fibroblasts expression. 

Anakinra has shown an outstanding safety profile in patients with no risk of opportunistic infection (Dinarello, 2010). While still the proper time for delivering Anakinra in cancer requires further investigations. However, in a study by (Holen et al., 2016) on mice breast cancer, they subcutaneously injected Anakinra (1-10 mg/kg/day) for three days as preventive and 7 days as treatment. They observed a reduction in tumour progressions and metastases. In connection with the data in this study that extended these findings to include leukocyte recruitment capacity by HPV-positive and HPV-negative OPC in a 3D-model since higher leukocytes invasion holds an unfavourable prognosis with the immune responses to cancer (Bronte et al., 2006, Miller et al., 2016) in many cancer types.

The comparison was initially performed with the conditioned media from NTFs stimulated with HPV-positive and HPV-negative OPC and results showed that more leukocytes were recruited towards HPV-negative in comparison with the HPV-positive OPC. These findings are in good agreement with estimates by (Wang and Irvine, 2013) who attempted to recruit leukocytes in a computerized collagen 3D-model with the chemokines CCL19 and CCL21 that mainly attract T cells and mature dendritic cells. These authors also suggest targeting chemokine that recruit unfavourable leukocyte subsets and engineering chemokines that could create a favourable tumour microenvironment are likely to be effective in cancer treatment. Subsequently, multi-cellular spheroids co-cultured with NTFs showed the same tendency with more leukocyte recruitment in HPV-negative OPC 3D-models. However, there were variations in the numbers of leukocytes, which might be related to the differences in the individual responses and number of the circulatory leukocytes, immune status and age of the volunteers. 

Finally, the last experiments involved incubation of the 3D-model with Anakinra for 24 hours in more clinically fashion. The 3D-models for both HPV-types were incubated with 1 and 10 µg/ml Anakinra concentrations in order to test the drug efficacies to reduce leukocyte recruitment toward the different tumour microenvironments. Evident reductions in infiltrated leukocytes were observed with 10 µg/ml Anakinra. The experiments with the concentration 1 µg/ml of Anakinra delivery were slightly modified, which were done by incubation of the 3D-model in similar manner to the clinically recommended for three days.  In a more detailed study by (Watari et al., 2014), they observed that Anakinra in a murine model of lung cancer decreased CXCL8 and CCL2 secretions in addition to reduction in various leukocytes types infiltration and prevented lymph nodes metastases. 

Additionally, two further studies, (Holen et al., 2016, Stanam et al., 2016) found that Anakinra not only manipulated the tumour microenvironment from the perspective of chemoattractants and leukocyte content, but also inhibited tumour growth by reducing VEGF and even overcome the drug resistance.  The data presented here might suggest potential adjunctive treatment for HNC by using recombinant IL-1R antagonist (Anakinra), although it is clinically approved mainly for rheumatoid arthritis with a concentration of 100 mg/day. It is still debatable whether Anakinra is suitable as a cancer therapy as the malignant diseases have much more severe disease burden than connective tissue autoimmune diseases. 

There was no drug resistance observed concerning Anakinra in our 3D-model, as many studies suggested involvement collagen fibres or the fibroblasts in desmoplastic reactions. In which, the external cellular matrix (ECM) act as physical barrier in prevention of the drug from reaching the accumulated-fibroblasts in dense ECM (Netti et al., 2000, Dittmer and Leyh, 2015, Paraiso and Smalley, 2013)  

Although the 3D tumour spheroid/NTF leukocyte model is advancement in vitro model technology, various cell types are still missing such as endothelial, smooth muscle cells and bone cells that may affect leukocytes recruitment. The co-culture incubations were only for 48 hours, which might not be adequate to give chance for stromal interaction and leukocytes recruitment. The isolations of other leukocytes subsets such as the macrophages and lymphocytes that might point the favourable prognosis in OPC and our investigation did not involve other chemokines that may have been missed in the 2D analysis. Anakinra blocked the secretion of CXCL8, CCL2 and CCL5 by HPV-negative OPC co-culture models when used at high concentrations, but this is did not block leukocyte recruitment back to background levels. This suggests that other leukocyte chemoattractants may be still secreted by 3D-model. Another point is that other bioactive factors such as VEGF, PAF, and C5a that may not be regulated along the IL-1/IL-1R axis in HNC. 

The study did not look at different leukocytes subsets by flow cytometric analysis, due to time and budget considerations, and this should be done in future work by using specific antibodies. In order to evaluate the recruitments capacities regarding HPV-status with each leukocytes subset, and weather it matches with the immunohistochemistry work done in chapter three i.e. increased neutrophils (N1 and N2), Macrophages (M1 and M2), T cells (CD4, CD8, Treg, and FoxP3) infiltrations, for further determination of each subset prognostication effects. 
In summary, a tumour model that encapsulated the 3D environment and supportive milieu is desirable to effectively investigate the tumour microenvironment with regard to HPV-types. Chemokines and associated recruitment capacity for leukocytes were higher for HPV-negative models than HPV-positive OPC models, results that are consistent with 2D findings (chapter four & five).  The IL-1/IL-1R tumour/stroma axis may be responsible for the increased neutrophil levels observed in HPV-negative OPC compared to HPV-positive OPC in tumour sections (chapter three). If increased leukocyte (in particular neutrophil) recruitment is associated with poor prognosis in HPV-negative OPC than reduction of chemokine secretion with Anakinra may hold promise as a potential adjunctive therapy in HPV-negative OPC.  




















[bookmark: _Toc521061355]Chapter seven: General discussion, future work and conclusions. 
Numerous studies have investigated the prognostic consequences in HPV-positive and HPV-negative HNC and associated the prognosis with various sources. However, only a few studies have evaluated HPV-status in HNC and the immune response as an impact on patient outcome; even less have looked at OPC, the main site of HPV-infection. The majority of these studies have showed that the presence and levels of tumour-associated leukocytes are associated in some way with prognosis. For some time it has been known that HPV-positive OPC has a favourable prognosis than HPV-negative OPC (Tobouti et al., 2018, Chaturvedi, 2012), an observation that was also found in this study. The suggested reasons for this have caused much debate. One argument is that levels of inflammation in these tumours may be different because of their aetiology. For example, in HPV-negative HNC, the presence of macrophages and neutrophils has been associated with poor prognosis (Rachidi et al., 2016, Balermpas et al., 2014b), whereas lymphocytes subsets have been associated with improved prognosis (Uppaluri et al., 2008). Much less data is published for HPV-positive HNC, but very recently levels of CD8+ T cells have been associated with improved prognosis (Oguejiofor et al., 2017).
On this basis, this study investigated HPV-positive and HPV-negative OPC tissues sections, along with in vitro studies on the interaction of OPC cell lines with tonsillar stromal fibroblasts to explore the role of the OPC microenvironment in shaping the immune response and leukocyte recruitment. Further in vitro investigations regarding the factors responsible for mediating leukocyte recruitment to these tumours were also performed. These experimental studies were conducted initially in 2D-models, but then investigated in a novel 3D co-culture model that included several cell types to more accurately mimic the in vivo tumour microenvironment. 
This study found that the improved cumulative survival (mortality significantly decreased) in HPV-positive OPC was similar to data of others (Zhai et al., 2017, Shimura et al., 2017). These findings motivated the exploration of the leukocytes spatial infiltration along with disease stage in tissue microarrays for both HPV-positive and HPV-negative OPC as predictive factors for better survival rates. In recent years there has been focussed attention on the composition of immune cell distributions within HNC, which might give a clue to the prognostic values associated with this type of cancer (Wood et al., 2017). Data reported in this thesis revealed significantly decreased levels of neutrophils within HPV-positive OPC compared to HPV-negative OPC. However a non-significant effect to the stage of the cancer was observed. 
Studies have shown that elevated infiltrated neutrophils correlate with poor prognosis OSCC (Glogauer et al., 2015), which is likely to impact treatment. High density of tumour-associated neutrophils were linked with cancer progression and poorer final outcome in lung cancer (Gong et al., 2013). The work of Chen et al. (2018) published during the writing of this thesis support the data presented here as they reported that neutrophil infiltration is greatly elevated in HPV-negative than HPV-positive in OPC and laryngeal squamous carcinoma. 
Levels of tumour-associated macrophages that we found were non-significant except in the low expressive cases that showed significant decrease in HPV-negative OPC. Other researchers have published variable results in different cancer types and macrophage phenotype depends on the signal in the tumour microenvironment (Utispan and Koontongkaew, 2017), besides the role of macrophages in tumour control or progression remains blurred. In recent findings by (Yuan et al., 2015) more M1 TAM infiltration was linked with favourable survival in lung cancer. Additionally, in a more advanced therapeutic study, promotion of M1 TAM phenotype lead to a reduction in M2 and correlated with reduced glioblastoma growth and better outcome (Xue et al., 2017). Unfortunately, analysis of TAM phenotype in HPV-positive and HPV-negative OPC was not conducted in this study but is warranted in the future.
The other investigated leukocyte subset was CD3 (tumour infiltrating T cells). Findings showed a non-significant CD3+, except in the low expression cases that showed statistically significant differences in HPV-positive versus HPV-negative OPC, and no correlation was found with stage of disease. However, this study did not examine the several different types of T cell subsets. Studies published during the course of this thesis appear to show that lymphocyte subsets are important, (De Meulenaere et al., 2017) demonstrated that high infiltrations of CD8+  T cell represent an independent prognostic marker in OPC. Whilst (Outh-Gauer et al., 2018, Rothschild et al., 2018) reported that low CD4+ are linked with favourable outcome in OPC. Although there are some inconsistent findings in the literature about the infiltrating T-lymphocytes subsets, in HPV-positive OPC T-lymphocyte infiltration seems associated with favourable prognosis that is absent in HPV-negative.
The data presented in this thesis demonstrated that HPV-positive OPC tissue had discrete immune cell infiltration profiles in comparisons to HPV-negative. These leukocytes infiltrations were generally linked with better prognosis, and probably help to act as anti-tumour immune reactions within HPV-positive tumours, which could be further programmed by immunotherapy or even during the routine therapeutic regime. Comprehensive exploration of tumour-associated leukocytes in HPV-positive versus HPV-negative and understanding the recruitment mechanisms of these leukocytes to the tumour microenvironment will not only hopefully allow for successful stromal therapy, but could even improve the HPV-negative prognosis to that of HPV-positive in OPC by modulating the immune responses.
Further prognostic immune cell markers are required to recover the definitive patient clinical course in order to personalize treatment. It is important to take in account that the investigated tumours in this study were derived from different anatomical sites that might not have similar neoplastic history and immune surveillances. Further investigations are required with sufficient power calculation to investigate the immune cell phenotypes infiltration within each independent anatomical site, (for example tonsils, base of the tongue, including the palate and pharyngeal areas), before and after chemo/radiotherapy or surgery to clearly point out the immune response relationship. It is unlikely that there will be a single immune cell marker expression that could be used either as a prognosis indicator or for determining treatment choices.
Explorations in chapter four revealed that the variabilities detected in chapter three would concur with the higher expression of chemokines detected at both protein and gene level in HPV-negative and HPV-positive cancer cell lines within the stromal stimulated-fibroblasts. Cytokine and chemokine expression are an essential part in modulating the tumour microenvironment. In addition, the cytokine/chemokine expression profiles were recognised to be dissimilar in HPV-positive and HPV-negative HNC (Ramqvist et al., 2018). Our novel findings for the increased release of CXCL8, CCL2, and CCL5 by HPV-negative OPC might be connected with the extent of infiltrated immune cells in HPV-negative compared to HPV-positive. In addition, that the HPV-negative tumour cells had the ability to stimulate stromal tonsillar fibroblasts to profoundly secrete chemokines and attract more leukocytes that may be linked with an unfavourable outcome.
Fibroblasts are the key player cells within the tumour microenvironment, have an important role in tumour development and therefore are a potential tool for new anti-cancer therapeutic strategies (Prakash and Pinzani, 2017). We report for the first time that tonsillar fibroblasts stimulated by the HPV-negative conditioned media showed significantly more chemokines release than by the HPV-positive OPC cells. Normal primary tonsillar fibroblasts were used to model initial interaction between cancer cells and stromal cells instead of using the already stimulated and genetically modulated cancer-associated fibroblasts, which are reported by Qin et al. (2018) to secrete a plethora of  bioactive parameters including pro-inflammatory cytokines. This finding showed that the effects of cancer cells on the normal fibroblasts, in addition we identified the stimulated-fibroblasts as main regulator for chemokine secretion in the OPC microenvironment by screening multiple batches (donors) of fibroblasts. Consequently, it was concluded that fibroblasts were the key player in increased chemokines release particularly in the HPV-negative OPC. Simultaneously, these findings might possibly be a supplement to the associated poor prognosis in these tumours. 
Chapter five aimed to answer the question about the signalling mechanism responsible for the dramatic increase in fibroblast chemokine expression via HPV-negative OPC cell lines. Cancer cell lines were examined for expression of pro-inflammatory cytokines and whether fibroblasts harboured a cognate receptor. Data suggest that HPV-negative OPC cell lines expressed significantly more IL-1α/β pro-inflammatory cytokines than HPV-positive tumour cells, and fibroblasts consistently expressed IL-1R. These data indicate, for the first time, that the IL-1/IL-1R axis is responsible for the up-regulation in immune activation associated with the HPV-negative OPC. However, cancer is complex multi-factorial disease and the role of other growth factors and pro-inflammatory cytokines in immune activation could not be excluded such as IL-2, IL-6, IL17, IL-36 as reported by several researchers (Lee et al., 2018, Brøndum et al., 2017, Lv et al., 2016). 
The tumour microenvironment is able to determine the outcome of its dysfunctional cellular components, either by stimulating them to continue causing cancer, or become normal cells, or even eradicate them (Frankel et al., 2017). Therefore, current therapeutic strategies have been designed to obstruct the cross talk between cancer cells and associated cells in the tumour microenvironment. To the best of our knowledge, this study is the first to interrupt the immune response with HPV-negative OPC generated by stimulated-fibroblasts, using the IL-1R antagonist Anakinra. Pre-incubation of Anakinra with fibroblasts resulted in a significant reduction in NTF release of CXCL8 and CCL2. To further confirm, knockdown of IL-1R1 in fibroblasts resulted in significantly reduced levels of CXCL8 after stimulation with SCC89. The lesser decrease in chemokine secretion associated with transfected stimulated-fibroblasts compared with the base line reduction by Anakinra may be related to other family members of IL-1R, in which IL-1R3-7 may also send pro-inflammatory signals. 
[bookmark: _GoBack]Poor outcome in many cancer types have been reported with elevated levels of IL-1. In a relevant publication, (Sun et al., 2015) reported that IL-1R1 was expressed in ~ 40 human tongue SCC, and knockout of IL-1R1 lead to interruptions of the IL-1β inflammatory signal on both mRNA and protein levels concerning CXC12/CXCR4 chemokine expression. Furthermore, (Wu et al., 2016) showed that that interrupting IL-1 not only inhibited carcinogenesis in premalignant lesions, but also interfered with the tumour growth in established malignancies in vitro and xenograft in vivo studies. Indeed, clinical trials with Anakinra are undergoing investigations now for treatment of breast cancer, colorectal cancer, myeloma, pancreatic cancer, and in lung cancer indicating that inhibition of IL-1 signalling may have therapeutic benefit. However, in HPV-positive/HPV-negative OPC similar trials have not been conducted so far. It would be interesting to see if Anakinra would have similar effects for OPC therapy. Taking into account the therapeutic window to deliver Anakinra along with individualised concentrations depend on the detected biomarkers (chemokines) concentrations in each patient’s serum. Caution should remain with the use of Anakinra specifically due to cancer-associated immune discrepancies, leading to development of opportunistic infections, and may endangering the patients' life. However, previous findings outlined the high safety and tolerance of this clinically approved drug (Watari et al., 2014, Apte and Voronov, 2017).
In chapter six a novel co-culture 3D-model using HPV-positive/HPV-negative cell lines together with primary fibroblasts for the analysis of tumour-stroma interactions, drug testing, and leukocyte recruitment capacities was developed. One of the difficulties in assembling a 3D-model co-culture is defining the diverse effects of neighbouring cells in tumour microenvironment including the chemical and physical spatial consequences. For addressing this, a strategy was developed to maintain tissue organization during co-culture by embedding multi-cellular tumour spheroids in collagen type I populated with fibroblasts to permit their cross talk (Elenbaas and Weinberg, 2001). The cancer cells are key components in any in vitro model, which permit reproducible direct comparisons between HPV-positive/HPV-negative OPC. While, patient-derived models provide limited abilities for comparison due to the heterogeneity and tumour histomorphological variability (Katt et al., 2016). 
The 3D co-culture data showed that interactions of HPV-negative multi-cellular tumour spheroids and fibroblasts not only resulted in significantly up-regulated chemokine secretions compared with HPV-positive similar findings in the earlier 2D-model, but also to an increase of leukocyte recruitment. In addition, incubation with Anakinra decreased chemokine secretion and reduced the number of infiltrated leukocytes within the collagen co-culture. The 3D-model involved total leukocytes analysis to mimic the in vivo tumour microenvironment as much as possible and due to time and budget consideration did not investigate the other specific leukocytes subsets.
It is wise to mention that this project did not involve in vivo experimental study for the following reasons. Animal experiments in cancer studies and therapeutic development process are a critical step. In addition, numerous drawbacks such as time, cost and ethical considerations. Furthermore, it should be remembered that human biology is not fully represented by animals; consequently animal models may not be a good predictor of outcome. Another point, studying immune responses requires use of immuno-compromised animals which may not reflect the real picture and usually the tumours are planted in the peritoneal space which may affect chemokine expression. Any developments that can lessen animal research in the field are welcomed (Zloza et al., 2017, Haley, 2003).
A number of findings in this project warrant further future study. IHC analysis of markers for both HPV-positive/HPV-negative status tumour specimens, in combination with pre-/post-therapeutic regime, may allow clinical confirmation and validation of the in vivo work. Our tested cohort had a limited number of patients; therefore, a power calculated cohort representing all the oropharyngeal carcinomas anatomical sites would further enhance the study. In addition, tissue microarray assembly allocates better comprehensive analysis for N1/N2neutrophil infiltration, and M1/M2macrophage infiltration, and this could be correlated with survival. 

Additionally, analysis of further components of the stimulated-fibroblast secretion, such as IL-6 and HGF, may also provide greater insight for alternative stimulation mechanism. Also, the possibilities of soluble receptor such as sIL-6R, sEGFR, and uPAR may be released by NTF due to activation by HPV-negative OPC cell lines, which are reported to be available in their conditioned media. The collection of patients' sera for both HPV-positive/HPV-negative OPC with healthy control, to analyse CXCL8, CCL2 and CCL5 chemokine levels, along with the principle biomarker IL-1α/β, in order to validate the in vitro investigations are warranted. In addition, in vivo delivering of Anakinra to HNC patients and measuring the aforementioned chemokine levels, besides its effects on the bone-related biomarkers to test Anakinra effects on the cancer metastasis could be performed in order to progress the clinical analysis concerning Anakinra drug administration. Furthermore, HNC xenograft of both early and late stage HPV-negative tumours could be performed to test the potential effects for Anakinra inhibition of carcinogenesis in the early rather than the late disease stage and provide final justification about the probable effects of this drug in the management of OPC.

Finally, conclusions for this study can be summarized in several points, first from the in vivo tumour sections; high infiltration of neutrophils contributes to poor clinical outcomes associated with the HPV-negative tumours, while the macrophage and T cell infiltrations may contribute to the encouraging prognosis in the tumour microenvironment associated with the HPV-positive OPC. Secondly, the inflammatory signalling mechanisms contribute to the organization of microenvironment in those tumours, through the activations of stromal-fibroblasts via the HPV-positive/HPV-negative cancer cells. These stimuli enabled the up-regulation of immune responses along with plethora of leukocyte chemo-attractants release particularly by HPV-negative tumours. IL-1α/β-driven inflammatory stimulations were responsible for the enhanced chemokine expression, which were significantly prominent in HPV-negative tumours. Thirdly, interrupting the IL-1/IL-1R stimulating axis with Anakinra resulted in suppression of chemokines in both 2D- and 3D-models and consequently reductions in the recruitment of the leukocytes capacities in HPV-negative to approximately the same level of HPV-positive cancer cells. Taken together, the immune responses may play paramount role in shaping the unfavourable prognosis reported with the HPV-negative OPC. 
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Laboratory Medicine Batch Analysis Worksheet forSTH Research Samples


	STH Number
	15919
	Study Name
	UOS CM 19.03.2018

	Contact Details:
	Name
	Telephone/Bleep
	email

	Researcher 
	Craig Murdoch
	01142159367
	C.murdoch@sheffield.ac.uk

	Study Sample Contact
	As above
	
	

	Laboratory Staff
(Discipline & Site)
	Kay Ellis
	RHH Cytology
	Kay.Ellis@sth.nhs.uk

	Important: Researchers please note that some laboratory reference ranges are sex dependant. If this applies to the tests that you require please ensure that you have identified the sex of the samples on this form otherwise the sex will go in the computer as ‘unknown’ and you may not get the appropriate reference ranges.

	

	Laboratory 
Data Entry
	Medic Code
	UOSCMX
	Location Code
	UOSCMX
NOTE: book in as private work

	Tests Required:
	Test Name
	Test Code

	
	Cytology HPV Testing
	CYTHPV

	
	
	

	
	
	

	
	
	

	
	
	

	Laboratory Contact
	Confirm that the work has been completed; the results are available, and reports sent to the study.
	
Sign and Date: Maria Nip 20/04/2018 

[image: \\sth\user\Pictures\042\NipM\081406.jpg]

	Reporting Location Details
	Craig Murdoch, Charles Clifford Dental School, 
EMAIL report to c.murdoch@sheffield.ac.uk

	Research Coordinator (RCO)
Laboratory Medicine 
Directorate Management Office, 
Northern General Hospital
	Please maintain a record of the worksheets completed for the study, and email the RCO when work has been completed.



	WORK to COMPLETE

	Study : 
	UOS CM 19.03.2018
	Site:
	RHH

	Researcher
	Laboratory

	Sent by:
	Craig Murdoch
	Received by:
	Kay Ellis

	Date Sent:
	
	Date Received 
by Laboratory:
	20/04/2018

	Number of samples sent:
	6
	Number of sample received:
	6

	Researcher To Complete:
	Laboratory Information:

	
	If there is a problem with a sample please contact the Researcher named on page 1.
For Study Codes and Tests Required for this Study see page 1. 

	Rack Position
	Sample ID
	Laboratory Barcode (if used)
	Tick to Confirm Sample/ID checked, and Data Entered
	Tick to Confirm Sample Analysed; or state reason for no result.

	1
	SCC2
	
	
	HR HPV 16 positive

	2
	SCC72
	
	
	Negative

	3
	SCC89
	
	
	Negative

	4
	SCC90
	
	
	HR HPV 16 positive

	5
	SCC152
	
	
	HR HPV 16 positive

	6
	FaDu
	
	
	Negative
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Report 02/05/2018
Cell Line STR Profile Report
University of Sheffield Genomics Core Facility
Sample A. SCC2
Result summary
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	A
	
	
	
	THO1
	
	
	D21S11
	
	
	D5S818
	
	
	D13S317
	
	
	D7S820
	
	
	D16S539
	
	
	CSFIPO
	
	
	AMEL
	
	
	vWA
	
	
	TPOX
	

	
	Tested Cell
	
	
	
	8,9
	
	
	30
	
	
	10,11
	
	
	8
	
	
	8,9
	
	
	12,13
	
	
	11,12
	
	
	X,Y
	
	
	15,18
	
	
	8,10
	

	
	Line (SCC2)
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	Cell line
	Match
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	No match found above 80%
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	





Report 02/05/2018
Cell Line STR Profile Report
University of Sheffield Genomics Core Facility
Sample B. SCC72
Result summary
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	B
	
	
	
	
	THO1
	
	
	D21S11
	
	
	D5S818
	
	
	D13S317
	
	
	D7S820
	
	
	D16S539
	
	
	CSFIPO
	
	
	AMEL
	
	
	vWA
	
	
	TPOX
	

	Tested Cell
	
	
	
	
	6,6
	
	
	-
	
	
	14,14
	
	
	11,11
	
	
	11,12
	
	
	11,12
	
	
	11,11
	
	
	X,X
	
	
	15,15
	
	
	8,8
	

	Line
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	(SCC72)
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Cell line
	Match
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	









Report 02/05/2018
Cell Line STR Profile Report
University of Sheffield Genomics Core Facility
Sample C. SCC89
Result summary
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	C
	
	
	
	THO1
	
	
	D21S11
	
	
	D5S818
	
	
	D13S317
	
	
	D7S820
	
	
	D16S539
	
	
	CSFIPO
	
	
	AMEL
	
	
	vWA
	
	
	TPOX
	

	
	Tested Cell
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	8,8
	
	
	28,31.2
	
	
	12,12
	
	
	12,14
	
	
	8,12
	
	
	12,12
	
	
	11,14
	
	
	X,X
	
	
	17,18
	
	
	8,8
	

	
	Line
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	(SCC89)
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	Cell line
	Match
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	No match found above 80%
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	







Report 02/05/2018
Cell Line STR Profile Report
University of Sheffield Genomics Core Facility
Sample D. SCC90
Result summary
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	D
	
	
	
	
	THO1
	
	
	D21S11
	
	
	D5S818
	
	
	D13S317
	
	
	D7S820
	
	
	D16S539
	
	
	CSFIPO
	
	
	AMEL
	
	
	vWA
	
	
	TPOX
	

	Tested Cell
	
	
	
	
	7,7
	
	
	29,31
	
	
	11,12
	
	
	11,11
	
	
	9,10
	
	
	12,13
	
	
	11,12
	
	
	X,Y
	
	
	17,17
	
	
	8,8
	

	Line
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	(SCC90)
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Cell line
	Match
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	








Report 02/05/2018
Cell Line STR Profile Report
University of Sheffield Genomics Core Facility
Sample E. SCC152
Result summary
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	E
	
	
	
	
	THO1
	
	
	D21S11
	
	
	D5S818
	
	
	D13S317
	
	
	D7S820
	
	
	D16S539
	
	
	CSFIPO
	
	
	AMEL
	
	
	vWA
	
	
	TPOX
	

	Tested Cell
	
	
	
	
	7,9.3
	
	
	29,31
	
	
	11,12
	
	
	11,11
	
	
	9,10
	
	
	12,13
	
	
	11,12
	
	
	X,Y
	
	
	17,17
	
	
	8,8
	

	Line
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	(SCC152)
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Cell line
	Match
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	UPCI-SCC-
	18/18
	
	7,9.3
	
	
	
	
	11,12
	
	11,11
	
	9,10
	
	12,13
	
	11,12
	
	
	X,Y
	17,17
	
	8,8
	

	152
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	SW756
	15/18
	
	9.3,9.3
	
	
	
	
	11,12
	
	11,11
	
	10,12
	
	12,13
	
	11,12
	
	
	X,X
	17,17
	
	8,8
	


Comment: Very close match to UPCI-SCC-090 (DSMZ ACC 670). UPCI-SCC-090 and UPCI-SCC-152 are derived from the same patient [White et al., 2007 Oral Oncol. 43 701]. The two cell lines have extremely similar STR profiles (see accompanying information): the percentage match between the two profiles is 95.8% and the two cell lines cannot be categorically distinguished by STR profiling.
Report 02/05/2018
Cell Line STR Profile Report
University of Sheffield Genomics Core Facility
Sample F. FaDu
[image: ]Result summary











	
	F
	
	
	
	
	THO1
	
	
	D21S11
	
	
	D5S818
	
	
	D13S317
	
	
	D7S820
	
	
	D16S539
	
	
	CSFIPO
	
	AMEL
	
	vWA
	
	
	TPOX
	

	
	Tested
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	Cell
	
	
	
	
	8,8
	
	
	31.2,31.2
	
	
	12,12
	
	
	8,9
	
	
	11,12
	
	
	11,11
	
	
	12,12
	
	
	
	15,17
	
	
	11,11
	

	
	Line
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	(FaDu)
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	Cell
	
	Match
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	line
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	FaDu
	16/16
	8,8
	
	
	
	
	12,12
	
	8,9
	
	11,12
	
	11,11
	
	12,12
	
	
	15,17
	
	11,11
	



Comment: Matches ATCC reference profile at 7/8 markers. The reference profile has three alleles at vWA; only two of these are present in the test sample. This is a 95.7% match, which meets ICLAC criteria for a match between test and reference.

"Samples from the same donor generally yield a result in the 80 -100 % match range (EV 0.8-1.0), while samples from different donors generally lie in the 0-55 % match range (EV 0-0.55)."*

“A small amount of STR profile variation may be seen between cultures derived from the same donor. This can be caused by genetic drift with passage, particularly in cell lines with microsatellite instability. Variation may also relate to laboratory differences in test methods or interpretation.”**

*Page 3- International Cell Line Authentication Committee: Guide to Human Cell Line Authentication.
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‘Souros: GLOBOCAN 2012 (ARC)




